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Summary
The modal characteristics of large skeletal structures (LSS) made from tubes of 
graphite reinforced Poly (Ether Sulphone) (PES), a high technology thermoplastic composite 
material, have been investigated. These large skeletal structures are intended for application 
in land-mobile communications networks and would be positioned at geosynchronous equatorial 
orbit (GEO).
Experimental modal surveys of a number of skeletal configurations have been 
conducted under simulated unrestrained conditions, and have involved the prior commissioning 
of the modal survey apparatus used in their examination. The surveys have been performed 
in tandem with analogous natural frequency extractions from the structures’ analytical models 
using the finite element (FE) method. The skeletal structures were fabricated using either the 
graphite reinforced PES material or perspex plastic, and formed representative sub-structures 
of candidate LSS configurations. The structures’ geometries ranged in complexity from sparsely 
configured composite systems to a perspex platform-based bank of reflector arrays, and allowed 
the evolution of both local and global modal behaviour in these skeletal systems to be observed 
in detail.
It has been found that the modal behaviour of predominantly uniaxially reinforced 
PES composite, in the state of uniaxial stress to which it will be subjected as a component of 
multi-bay LSS configurations, can be accurately described using an isotropic approximation for 
its material characteristics. Additionally, it has been found that the use of perspex plastic as 
a material for modelling representative multi-bay sub-structures of composite LSS is justified 
in consideration of the eventual stress environments to which the composite material will be 
subjected in LSS systems.
Following this, a series of analytical parametric studies has been performed on a 
number of concept composite LSS suitable for use in a data-relay capacity a t GEO. It has been 
found that the modal frequencies developed by these configurations are comparable to the 
published frequencies of similar skeletal structures intended for use a t these orbits. It has also 
been established that the testing of a reduced modelling of the LSS can be highly instructive 
as to the general trends in modal behaviour developed by the large skeletal structures in orbit.
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Chapter 1 Introduction
1.1 Introduction
The recent increase in demand for land mobile communications systems has 
emphasized the need for more sophisticated and capable relay networks to cater for anticipated 
demands into the next century. To facilitate this, a new generation of large space structures 
(LSS) is being investigated for use at geosynchronous equatorial orbit (GEO). It is envisaged 
that this family of structures will include skeletal reflector antennas of the order of 100 to 300 
metres diameter and multi-functional large skeletal platforms upon which a variety of antennas 
would be mounted. It is likely that high technology graphite reinforced composite materials will 
be used in their manufacture.
The stationing of such very large clustered configurations at GEO may offer many 
advantages over existing single reflector systems. Whereas individual antenna satellites require 
their own power supply, pointing, and control systems, these services could be shared among 
the reflectors clustered about a single platform, with additional levels of redundancy being 
incorporated as required. Available volume, which may be restricted over developed regions of 
the earth, would be utilized most efficiently by the provision of such a clustered configuration. 
The use of the platform could also be tailored to reflect demand, with dishes being repaired, 
replaced, or removed as the need arose during the platform’s lifetime. Additionally, the 
potential cost and effort of maintenance associated with such satellite systems would be reduced 
for these platform-based configurations.
12  Purpose of Investigation
The initial costs associated with placing these large space structures in orbit has 
resulted in aspects relating to their efficiency, durability, and reliability assuming the utmost 
importance. However, the inability of performing full scale tests on these structures in the 
earth’s environment has placed increased emphasis on the validity and accuracy of their 
mathematical modelling. The overwhelming size of these large skeletal space structures can 
result in the exact analytical description of their component anisotropically reinforced composite 
materials becoming quite unwieldy. Additionally, difficulties can be encountered in obtaining 
experimentally the required material constants for such descriptions. Hence, the benefits 
associated with reducing the complexity of the description of composite materials in LSS to a 
level that is both suitable for inclusion in discrete mathematical models, and whose constants 
can be accurately obtained experimentally, are seen to be considerable.
The purpose of this investigation is, therefore, to ascertain the minimum level of 
description required to characterize the properties of predominantly uniaxially reinforced 
composite material in large flexible skeletal space structures.
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1.3 Overview of Analyses
The LSS configurations of interest are characterized by an inherent flexibility which 
results in the frequencies of their lowest modes falling within the bandwidth allocated for their 
control systems. Accordingly, these structures are deemed to constitute a family of flexible 
satellite systems. Also, the unrestrained nature of these systems has required that this 
attribute is sufficiently reflected in the analyses of their representative sub-structures. The 
analyses have therefore consisted of modal surveys performed experimentally on a range of LSS 
representative skeletal sub-structures, and have been carried out under simulated unrestrained 
or "free-free" support conditions. The results of these surveys have then been compared with 
the predictions of mathematical models of the physical sub-structures.
Two different sets of sub-structures have been examined. The configuration of the 
first set is based on a two-way, double layer lattice or "square-on square" arrangement and this 
set was manufactured entirely from perspex plastic. The wide ranging complexity of the 
structures in this group has allowed the evolution of a structure’s lowest modal behaviour, from 
consisting primarily of local member contributions to it being dominated by global geometric 
influences, to be investigated.
In contrast to the perspex configurations, the second set of structures examined was 
constructed using graphite reinforced thermoplastic composite material. Whereas the influence 
of geometric complexity on the modal behaviour of the perspex structures was primarily of 
Mtere-sb., attention in this second test regime was focused on the characteristics of the composite 
material, both in the form of individual beams and in various sparsely configured sub- 
assemblies of the intended skeletal systems. Also, these configurations differed from the perspex 
structures in that they were based on a three-way, double layer grid, i.e. tetrahedral, 
arrangement of the members. As well as ensuring the validity of the mathematical descriptions 
assigned to the composite material, the examination of this latter set of low complexity 
structures has allowed the limitations of the material approximations assigned to the members 
to be assessed. Additionally, this set of structures allowed an investigation into the influence 
of a number of jointing configurations on their modal behaviour to be undertaken. Although 
of similar overall dimensions, the difference in complexity between the perspex and composite 
structures has ensured that the modal characteristics they have exhibited are quite distinct, 
and this has allowed the scope of both the experimental and analytical methods applied to 
their study to be fully evaluated. Finally, the trends established and the overall findings of 
these analyses have been used in the development of analytical models of concept flexible LSS 
configurations, whose modal behaviour has been subsequently examined.
1.4 Contents of Chapters
Chapter two contains a review of the wealth of available literature on various 
aspects of LSS technology. Also, the opportunity is taken at this time to deliberate on topics 
which will not be elaborated upon further in the rest of the investigation. These areas of
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interest, which include LSS damping considerations as well as LSS and reflector surface 
accuracy control measures, are reviewed to highlight the diversity of specialist fields associated 
with all stages of the development of large space structures.
Although both the experimental and analytical analyses of the sub-structures’ modal 
behaviour were of necessity performed concurrently, both of these aspects have been divided 
into two separate chapters. In view of the considerable number of configurations examined, and 
also to allow a measure of continuity to be maintained, each of these chapters has, in turn, 
been sub-divided into two sections. The first section of each chapter is devoted to a general 
description of the techniques applied in the relevant analyses of the skeletal configurations. The 
second section contains detailed information relating to each of the individual analyses 
performed in the study. Where necessary, information relating to the performance of these 
analyses has been included in the appendices provided, and referred to in each of these 
chapters. Also, the tables and graphs of results obtained in each set of analyses are contained 
in the relevant sections. This has dispensed with the requirement -for a separate chapter of 
results.
An explanation of the experimental methodology, developed in the course of the 
investigation and used in performing the required modal surveys of the unrestrained skeletal 
sub-structures, is included in the first part of chapter three. The second section of this chapter 
contains a detailed description of the mode survey performed on each physical structure. 
Similarly, details of the mathematical models developed to describe these structures are 
contained in the second part of chapter four. Additionally, the second section of this chapter 
contains both a description of the analytical models of the three concept LSS configurations 
examined and the results from the ensuing parametric studies.
A discussion on all aspects of the results is contained in chapter five. Also reserved 
for this chapter are any observations made during the analyses. The ordering of the 
configurations discussed is similar to that established in the previous chapters and, to allow 
a comparison of the analyses to be made, the relevant portions of the results in chapters three 
and four are combined in tabular form at the end of this chapter.
Chapter six contains the conclusions arrived at on all aspects of the investigation. 
Primary among these are the conclusions reached as to the success of the analytical description 
assigned to the predominantly uniaxially reinforced composite material in reproducing its 
behaviour in large space structure configurations. Also included are the verdicts arrived at on 
the analytical techniques applied in the course of the investigation. The overall trends 
established in the modal behaviour of the three concept LSS configurations examined are next 
outlined, and the chapter concludes with a number of recommendations on future research that 
is considered necessary in this area.
3
Chapter 2 Review O f Previous Work
2.1 Introduction
The development of spacecraft in the form of large flexible skeletal structures is a 
vibrant area of research. It is not confined to one particular discipline, rather it draws upon 
the latest advances in structural, materials, control, and electrical engineering. In addition, it 
is a field that is grounded on both advanced experimentation and theoretical analysis, and both 
these aspects will be reflected in the review that follows.
Available literature on the hostile environment awaiting the large space structures, 
and some of the requirements placed on their component materials, is firstly reviewed. This 
is followed by a summary of the experimental and analytical methods that are used to study 
the behaviour of aerospace structures in general, with particular attention being paid to the 
trends that have evolved to cater for the investigation of large skeletal structure (LSS) 
behaviour. Lastly, a review of certain proposed configurations for large reflectors and clustered 
systems is presented, and this is accompanied by an investigation into published anticipated 
power requirements for such large space structures.
22, Environment In Orbit
The large volume and mass of the intended LSS configurations necessitates that 
they would be stowed in component form and injected into low earth orbit (LEO) using multiple 
excursions of the Space Shuttle or Ariane launcher. These components would be deployed and 
assembled into the final configuration using EVA prior to the LSS being boosted and parked 
at geosynchronous equatorial orbit (GEO). Account must be made of the loading environments 
to which the structures, in both packaged and deployed forms, are subjected whilst in transit 
to their operational orbits. These include member stresses and nodal deflections induced during 
stowage, launch and injection into LEO, deployment-cum-fabrication at LEO, transfer to GEO, 
and thence operational loading during their working life. Primary among these are thermal 
differential-induced stresses, which can be continuously vaiying due to member self-shadowing 
during each orbit, or periodic, as during vernal and autumnal eclipses [1]. Additionally, the 
physical environments encountered at LEO and GEO have been found to be quite dissimilar 
[2]. At LEO, the material is exposed to UV and galactic radiation as well as ninety minute 
periods of thermal cycling and collisions with micro meteorites and space debris. Depending on 
solar activity, residual atmospheric effects at the LEO altitudes of between 400 and 500 
kilometres [3] can decay the structure’s orbit, and as only comparatively recently recognised 
[4], [5], the material can experience substantial degradation by highly energetic atomic oxygen 
(AO) particles. Although the material of a structure parked at GEO is not subjected to AO 
attack, it is exposed to solar flare radiation and this, coupled with large doses of high energy 
electrons and protons, can significantly degrade its structural and optical properties over its 
expected thirty year lifetime [5]. It may therefore be necessary to provide the material with
4
a suitably inert optical coating [6] both for these reasons and also to improve its thermal 
characteristics. Such requirements have been identified [7], [8], [9] as necessary to achieve long 
lifetimes for structures in space.
2.3 Candidate Materials
2.3.1 M aterial History
The development of graphite fibres by L.N. Phillips over 25 years ago heralded a 
new era for composite materials in engineering structures. The manufacture of composites using 
these fibres was initially addressed using thermosetting epoxy resin matrices, primarily because 
of the relatively limited processing capabilities of existing thermoplastic polymers. Engineers 
also refrained from using thermoplastics as composite matrices because of their brittleness at 
low temperatures and high coefficients of thermal expansion (CTEs) [10]. Consequently, despite 
their comparatively poor damage tolerance and high moisture absorption, the lighter molecular 
density thermosetting plastics became established as the principal matrices for engineering 
composites.
The early nineteen eighties marked another milestone in the development of 
composite materials technology. At this time two significant thermoplastics advances took place 
[11]. The first consisted of the development by I.C.I. of a new generation of thermoplastic 
Aromatic Polymer Composites (APCs). The second advance was successfully achieving the pre­
impregnation of continuous fibres with thermoplastic polymer melts without the need for 
solvents in the pre-pregging process. These new advanced thermoplastic polymers, which were 
originally developed as engineering plastics for high temperature applications [12], offer better 
impact toughness and greater resistance to vacuum and thermal cycling than their 
thermosetting counterparts. Tests have also found that, whereas cross-linking of thermosetting 
polymers is observed under radiation exposure, the new thermoplastics show a considerable 
resistance to such embrittling processes.
2.3.2 M aterial Requirements
The requirements placed upon candidate materials used in the fabrication of 
structures intended for orbital environments are, as described by Cogswell [13]:
- a high specific stiffness and strength coupled with good damping characteristics
- minimal outgassing levels
- thermal stability over its anticipated operating range of -160°C to +120°C.
- atomic oxygen, fatigue, and radiation resistance to ensure the integrity of the structure 
throughout its operational lifetime.
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2.3.3 Thermoplastic Composites
An ideal material capable of simultaneously satisfying such rigorous demands has 
not yet been developed. However, certain classes of materials possess characteristics which can 
be space-tailored to enhance their suitability for orbital applications. Such materials include 
high technology thermoplastic composites reinforced with graphite fibres, whose very high 
specific properties make them suitable candidates for use in space [8]. A feature of this fibre 
and matrix combination is that the negative CTE of the graphite fibres can be engineered to 
produce a near-zero CTE for the composite over the required temperature range.
A number of potentially suitable polymers belong to this family of thermoplastics,
EfcUr
including Poly(Ether Sulphone) (PES) and PolyfEther^ Ketone) (PEEK). The low moisture 
absorption rates and very good solvent resistance of the PEEK matrix make it suitable for the 
manufacture of exposed aircraft components. The PES polymer, on the other hand, is prone to 
moisture absorption and solvent attack. This latter property may be aggravated by the need 
for solvents in the pre-pregging process of this particular thermoplastic. Furthermore, the 
outgassing characteristics of PES, while lying well within the allowable limits, are not as good 
as those for PEEK. However, graphite reinforced PES can be fabricated into tubes of 25 mm 
diameter, and this is an achievement that has not been realized using the PEEK matrix. 
Additionally, because of the foreseen eventual necessity of coating the material to provide a 
measure of protection against the hostile space environment, the relative susceptibility of PES 
to degradation becomes significantly less pronounced. This, coupled with its lower processing 
temperature making it more suitable for thermoforming in orbit, results in the graphite 
reinforced PES composite material being a quite suitable material for LSS orbital applications.
2.4 Modal Survey Methods
2.4.1 Indirect Phase Separation
The often-recommended FFT-based modal survey techniques are probably the best 
known testing methods [14]. They belong to the phase separation family of methods and make 
use of the properties of the FFT to obtain indirectly the structural response spectra. Excitation 
sources used with this method are mainly a variety of vibrator-based random noise signals, sine 
chirp or impulsive loadings, and impact hammer transient stimuli. Comprehensive discussions 
on the merits associated with each source type are available in [15], [16], [17]. Additionally, 
recent improvements to the test technique have included the addition of a multi-point excitation 
source [18] to the suite of available stimuli for this type of method.
2.4.2 D irect Phase Separation
Direct phase separation methods avoid the use of the FFT algorithm and compute 
the complex response spectra directly using sine-dwell sources as the structural excitation. A
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comparison of modal test results based on the multi-point sine-dwell procedure and a single 
point random method is presented in [19].
2.4.3 Phase Resonance
The phase resonance method of testing subjects a structure to multiple point 
loading, in which all its parts are vibrating in-phase, but with a phase shift of 90° relative to 
the applied excitation [14]. This classical test, which has been used in the aircraft industiy for 
nearly fifty years, requires that the stimulus is appropriated, and this is a condition not 
demanded by the phase separation methods [20]. The on-line calculation of the comparatively 
recently developed indicator function [21], which is a measure of the phase purity, facilitates 
the identification and isolation of normal modes considerably. However, the phase resonance 
testing of the MAROTS satellite [22] has shown problems with this method in respect to the 
accessibility of the vibrators to the structure. A general assessment of the individual modal test 
procedures is presented in [23] and is based on tests performed on the Galileo spacecraft.
2.4.4 Time Domain Technique
Additionally, a time domain method can also be applied to determine the dynamic 
parameters using time history data. Applications of this method are discussed in [24] and [25].
2.4.5 Selection Criteria
A variety of modal survey techniques have been developed over the years, each 
being suitable to a particular application. It is recommended [26] that the selection of the test 
method is based on the following considerations:
- Linearity of the structure
- Expected modal behaviour
- End use of test results
- Availability of equipment
- Experience of test personnel in use of the method.
Based on a general assessment of the methods described above, the wide availability 
of software and dedicated hardware for the phase separation family of methods has resulted 
in their being judged the most suitable test methods for the modal surveys to be performed.
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2.5 Spacecraft Structures Testing
2.5.1 Structure Support Conditions
2.5.1.1 Ideal Test Conditions
Ideally, the evaluation of a spacecraft’s structural capabilities would be based on the 
results of dedicated orbital flight tests. However, with few exceptions, such excursions using 
expendable hardware have been too expensive [27]. In the absence of these test conditions, 
several attempts have been made to isolate the behaviour of aerospace structures from the 
earth’s environmental effects. Alternatives have included performing drop tests in air and in- 
vacuo [28], as well as high altitude zero-gravity parabolic aircraft flights [27]. Indeed, possible 
test windows of up to thirty seconds have been achieved using this latter method. Other 
schemes have involved buoyant testing under water, or floating deploying devices on water or 
air-bearings, although in these cases the effects of drag loading by the fluid could be quite 
substantial.
2.5.1.2 Fixed Supports
Fixed base tests have been used extensively to determine the response of spacecraft 
subjected to base excitations during launch and injection into their operational trajectories [29], 
[30]. Cantilevered conditions find ready application in the testing of aerofoils [31] and in the 
large amplitude testing of aerospace components [32]. Indeed, the necessity of supporting 
structures in these types of tests has resulted in the development of Multiple Boundary 
Condition tests (MBCT) [33], in which the boundary conditions are specifically altered during 
testing to develop a database of test results which can be used to further refine the 
corresponding mathematical model. However, it is difficult in practice to obtain complete 
restraint a t a support and a certain measure of flexibility invariably exists a t these external 
reactions. The sensitivity of the structure’s modal behaviour to such variations in support fixity 
may be high, depending on the locations of the supports, and hence the validity of the 
accompanying analyses is dependent on the accurate estimation of the level of fixity provided 
by these restraints [34].
2.5.1.3 Unrestrained Supports
The problems posed by attempting to test a structure destined for operation at LEO 
or GEO using earthed conditions may be substantially overcome by the adoption of 
approximated unrestrained conditions for the structure. These can be obtained by suspending 
the structure using either stiff cables or an assembly of light flexible guys. In doing so, 
adoption of a close spacing for the support locations on the structure can help to reduce its 
static sag, especially if it is of a low specific stiffness, and hence relieve the localized gravity-
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induced joint loading. It is recommended [27] that the frequency of the fundamental mode of 
the cables should be less than one fourth that of the first structural transverse bending mode.
Whereas a stiff cable suspension system achieves a zero-gravity simulation on a 
horizontal plane, it is necessary to suspend the structure using soft springs or equivalent 
supports to allow modal deformations to develop in all three global directions. The measure of 
vertical flexibility introduced by these springs results in a support system which emulates the 
manoeuvrability experienced by a ship floating on water [35]. Read [34] recommends that the 
locations of these support points are selected to coincide with the node points for the lower 
bending modes of the structure, these being expected to contribute least to the amplitude of 
the structure’s transient response [36]. Again, the frequency of the structure displacing as a 
rigid body must be at most one fourth that of the fundamental bending mode of the structure. 
This support system frequency constraint can, however, lead to the necessary provision of very 
long suspension systems for the unrestrained testing of particularly flexible structures. To 
facilitate this requirement, a proposed Large Spacecraft Laboratory (LSL) to be built a t Langley 
involves the construction of an enclosed dome, approximately 95 metres diameter a t its base 
and a height of 46 metres at its centre, for the simulated unrestrained testing of large 
representative model testing of the Space Station and similar structures [37].
A notable feature of the analysis of individual members under unrestrained 
conditions is that the frequencies of their transverse bending modes are equal to their fixed- 
ended bending frequencies [38]. However, a similar correspondence between their mode shapes 
does not apply. This characteristic of unrestrained testing has been found to yield a valuable 
insight into the modal behaviour of symmetrical skeletal structures fabricated using fixed- 
jointed members.
A further benefit of the approximation of unrestrained or "free-free” conditions is 
that they do not require the level of fixity provided by the suspension system to be estimated 
in the computational analyses. It is also a well established procedure in the experimental 
testing of structures and hence its application is considered more appropriate than equivalent 
earthed conditions for the study of the LSS sub-structures performed in this investigation.
2.5.2 Sm all Structure Testing
The integrated development and testing of small scale spacecraft is performed in 
three stages prior to the structure being accepted and committed to launch. These stages are 
[20]:
- Design identification, e.g. modal survey test and subsequent correlation and updating of its 
dynamic mathematical model
- Load identification, e.g. coupled flight response analysis
- Design qualification and acceptance, e.g. environmental simulation tests.
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2.5.3 Evolution o f Testing
Over the years, the criteria used in ground based tests have been updated and 
modified, e.g. [39], based on practical experience and the results of in-flight telemetry data. At 
the Jet Propulsion Laboratory, for example, the in-house developed satellites were originally 
designed to withstand a set of ground vibration tests based on conservative anticipated flight 
accelerations [26]. However, this methodology has evolved over time, with the practice now 
being to subject the spacecraft to the flight-predicted member loads, and not the anticipated 
accelerations as previously. The structures of the JPL-developed Viking, Voyager, and Galileo 
spacecraft bear witness to this enhanced design philosophy.
2.5.4 Very Large Structure Testing
The advent of large flexible spacecraft will pose new challenges to the testing 
methodologies developed to date. As the size and the flexibility of the structures increases, 
exhaustive ground testing will quickly become impractical due to the dominating influences of 
the earth’s gravity and atmosphere on the behaviour of such structures [40]. Attention will be 
concentrated instead on the testing of representative sub-assemblies of such LSS. The 
experimental results will be used to validate the system dynamic mathematical model and 
update it if necessary using, for example, the methods described in [41]. Once satisfied with 
the level of agreement obtained between experimental and predicted results, these sub-structure 
models will be combined analytically to allow the dynamic behaviour of the LSS to be 
ascertained. Furthermore, the qualification goals for LSS will shift from a determination that 
it will survive the in-flight loads to verification of its dynamic characteristics to allow it to 
meet performance objectives in space [26]. It is seen that the above trends will place further 
emphasis on the need for accurate mathematical modelling of the dynamic behaviour of these 
representative spacecraft sub-systems.
2.6 Finite Element Method
2.6.1 Description
The efficient analytical determination of the dynamic behaviour of large space 
structures is seen to be increasingly a pre-requisite for all stages of their design and 
development. The task of performing such analyses is invariably assigned to the finite element 
(FE) method, with its versatility and ability to cater for complicated material properties and 
geometries being some of its advantages over alternative finite difference or energy methods. 
A forerunner of the modem FE method was first implemented during the nineteen fifties in 
the field of structural engineering. This was applied to the analysis and design of early jet 
aircraft [42], [43] and, since the term "finite element" was coined by Clough [44] in 1960, the 
FE method, in its modem recognisable form, has become established as an indispensable tool
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in all branches of engineering analysis. Application of tne suimess, ^  C t J U lU U l lu iu ,  __________
the FE method entails the description of the behaviour of a continuous system with an infinite 
number of degrees of freedom (DOF) in terms of a finite number of representative degrees of 
freedom or state variables. The system is idealized into an assembly of discrete elements which 
are interconnected a t their node points. The equations governing the behaviour of each finite 
element are calculated and assembled into a global set of equilibrium equations for the discrete 
system. The set of simultaneous equations are then solved for the finite number of state 
variables and the response of the entire structure interpreted with respect to these values.
2.6.2 Convergence and Accuracy o f Analyses
The fundamental basis for justification of the FE method in analysis is that it will, 
with increasing mesh refinement, converge asymptotically to a unique solution. However, in 
doing so the analysis may converge to an incorrect solution, this being a function of the 
accuracy of the element. The key to the accuracy of an element, as compared with exact, 
classical solutions, lies in the ability of its shape functions to adopt the correct deformations 
of the system.
2.6.2.1 Element Formulation and Mesh Density
The simplest methods for improving the accuracy and convergence rates in an 
analysis include either increasing the order of the individual elements or the use of more of 
the elements in the mesh [45]. The computer implementation of the former strategy, i.e. 
increasing the capabilities of the elements whilst keeping the mesh density constant, is termed 
the p-version of the FE method. Increasing the mesh density whilst retaining the formulation 
order of the elements is called the ^-version of the method. Additionally, a third method of 
adaptive refinement, the h-p-version, exists and this is the proper combination of the h- and 
p-versions. An example of the implementation of this latter scheme may be found in [46].
2.6.2.2 Static and Frequency Analyses
Whereas a single solution is sought in static analyses, a number of mode shapes 
and frequencies are required in frequency extraction analyses. It has been shown theoretically 
by Babuska and Szabo [47] that the p-version yields superior results to the ^-version of the 
FE method for static analyses as far as the number of DOF required for a given level of 
accuracy is concerned. Similarly, Bennighof and Meirovitch [48] have shown that the p-version 
is more attractive than the /i-version of the method in frequency extraction analyses. These 
authors also find that the error in the eigenvector in an extraction is ordinarily one order of 
magnitude larger than the error in the corresponding eigenvalue. The implications of this 
finding are that it is necessary to extract a larger number of frequencies than actually required 
to ensure that a satisfactorily converged set of mode shapes is obtained.
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It is seen that many advantages are associated with the implementation of the in­
version of the FE method. However, the numerous members in skeletal LSS, coupled with the 
anticipated development of essentially beam-like behaviour in their lower modes, suggests that 
the additional mid-element DOFs associated with the p-version would not contribute 
significantly to the response of these systems. Hence, it is considered that the modal behaviour 
of large skeletal space structures is best modelled using the ^-version of the FE method.
2.6.2.3 Mesh Density Em pirical Rule
Although the following empirical rule does not explicitly take element formulation 
into account, it is generally recommended [49] that the minimum number of elements necessary 
to model a beam-type structure can be estimated as the number of vibrational modes to be 
extracted multiplied by a factor of ten. It is best that these elements are placed along the 
expected paths of development of these modes to ensure their accurate modelling. It is 
considered that the above rule is equally applicable to the estimation of the effectiveness of 
continuum analogies assigned to skeletal structures. In such instances, for the purposes of 
determining their applicability, the behaviour of the elements can be replaced by that of the 
skeletal bays.
2.6.3 Element Formulation
2.6.3.1 Stiffness Formulation
The accuracy of the modelling of structural dynamic behaviour has been found [50] 
to be especially sensitive to the ability of the elements to reproduce the transverse shear 
deflections developed by the systems. Sun et al [51] find the Timoshenko beam to be excellent 
in every case examined, while shear beams and Euler-Bemoulli elements are adequate only for 
cases where transverse shear deformations or bending deformations, respectively, dominate the 
behaviour. They also show that, as the order of the mode shape develops, the shear strain 
contributions increase and the need for shear deflection modelling in a finite element becomes 
more critical for the performance of accurate analyses. The above finding indicates tha t the 
elements chosen in this investigation should count a transverse shear deflection modelling 
capability amongst their principal attributes.
2.6.3.2 Mass Formulation
Two approaches, in the form of either low order or high order frequency expansions, 
can be used in describing the distribution of mass in a structure for the purpose of its FE 
dynamic analysis [52]. The high order approach assumes that FE shape functions depend on 
the unknown frequencies of the system and results in a quadratic eigenproblem which must 
be solved for the required eigenpairs. However, the low order method, which is also frequency
12
dependent, is generally employed in FE programs and results m eitner a lumpeu oi <x 
consistent mass approximation being applied to the description of mass throughout the 
structure.
The process of representing the mass as discrete entities dispersed about the system 
is an idealization of the actual, usually uniform, mass distribution and was originally carried 
out from physical reasoning alone. Intuitively, a consistent mass formulation should be more 
correct than a lumped mass approximation because it more accurately represents the physical 
system being modelled. This is confirmed by Warburton [53], and Thomson [38] who state that 
a consistent mass matrix will be more accurate than an equivalent lumped formulation in FE 
analyses. However, it has been found by Clough [54] and others that the use of consistent 
masses does not always lead to improved accuracy and always involves additional computation 
work. Additionally, findings of numerical tests performed by Hibbitt, Karlsson, and Sorensen, 
Inc [55] have also shown that a lumping of the masses yields more accurate eigenvalues for 
a given mesh in frequency analyses. One reason for the beneficial attributes of a lumped mass 
formulation lies in the form that the global mass matrix takes in each approach, being diagonal 
for lumped whilst being more populated for consistent mass matrices. The diagonality of a 
lumped mass expression greatly simplifies the mass matrix assembly and, when used with the 
explicit Central Difference operator [56] in direct dynamic analyses, can also lead to an 
uncoupling of the global system of equations, hence substantially reducing the size of the 
analyses [57]. The formulation has also been found to improve the convergence of analyses and 
these attributes have lead to activity in the area of finding a method for deriving a diagonal 
mass matrix from a consistent mass expression, e.g. [58] and [59]. Additionally, in assessing 
the capabilities of an element mass formulation, Sun et al [51] warn that failure to estimate 
the rotary inertia correctly may result in some error in the lower modes of vibration in 
frequency extraction analyses. More recently, a mass matrix that embodies frequency and stress 
errors at least three times smaller than the corresponding consistent or lumped mass 
formulation errors [60] has been derived.
It is difficult to draw conclusions as to the "best" mass formulation for an element 
based on the apparently conflicting findings reached by the above authors. This is not helped 
by the lack of information on the corresponding stiffness formulations of the elements used by 
the different authors, which may have had a bearing on the accuracy and convergence of the 
values. However, based on the findings of the two schools of thought, i.e. those who favour 
the more correct representation offered by the consistent approach and those who prefer the 
findings of analytical results, it is considered prudent to opt for the latter opinion which 
favours the proven capabilities of the lumped mass formulation.
2.6.4 L S S  Analytical Techniques
The cost and limited availability of adequate computing facilities during the infancy 
of the FEM prompted considerable investigation into measures of economizing job sizes for even 
quite small analyses. The techniques developed at this time, coupled with the advent of
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increasingly large and capable computers, have subsequently been found invaluable in allowing 
the analysis of very complex configurations to be performed. However, the overwhelming sizes 
of the matrices developed in the structural description of large skeletal systems still pose 
considerable problems in the numerical analysis of their behaviour. Even today the challenge 
still remains to perform accurate numerical analyses of large skeletal space structures 
economically, and therefore methods must be employed to reduce their description size where 
possible. A review of several established techniques now follows.
2.6.4.1 Sub-Structuring
The FE analysis of LSS inevitably involves the assembly of very large and sparsely 
populated symmetrical matrices as part of the global structural description. Several sub­
structuring techniques within the FE method have been suggested [61], [62], [63] to economize 
on the storage requirements of the problems encountered. These techniques are founded on the 
evaluation of the mass, stiffness, and damping matrices at the sub-component level of the 
structure. The sub-structures may be analyzed separately, using different methods if necessary, 
and the results combined using suitable interface constraints to yield the behaviour of the 
complete system. The method is especially suitable for determining the effects of structural 
modifications on the modal behaviour of a system without the necessity for re-analyzing the 
entire structure. Bertram and Conrad [64] describe the improvement in convergence that can 
be achieved by the introduction of certain flexibilities into these modal correction analyses. 
However, they also conclude that the applicability of such a method is limited to cases where 
the mode shapes of the modified structure can be sufficiently described by the modes of the 
original configuration. A comprehensive overview of the sub-structure technique, along with an 
example of its application in the analysis of lightly or heavily damped systems, is given by 
Leung [65].
2.6.4.2 M athematical Modelling
Use of the FE method in analysis presupposes the existence of a mathematical 
solution to the problem. Rather than determining the modal properties of the sub-components 
of an assembly, Rao et al [66], in the study of a typical satellite payload aboard the Ariane 
launcher, have accounted for the presence of these sub-components by the provision of a set 
of spring-mass-dashpot systems and tip-loaded cantilever beams, with the same generalized 
stiffness and mass as the component modes. Sub-structuring can also be applied to problems 
in this area, an example being given in [67]. Advantage can also be taken of the regularity and 
symmetry presented by large skeletal structures in the development of a mathematical model. 
Such a method has been developed in [68] for the vibration and buckling analysis of arbitrary 
lattice structures having repetitive geometry in any combination of coordinate directions.
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2.6.4.3 Continuum. Analogy
It can be expected that certain highly complex skeletal structures, due to their 
respective configurations, act essentially as continua when developing their overall dynamic 
behaviour. Simple expressions for their stiffness and mass distributions can therefore be 
formulated and a continuum analogy applied, as a preliminary approximation, in place of the 
structure’s explicit model. This can be subsequently used to obtain estimates of the system’s 
dynamic characteristics. Historically, the development of the continuum analogy approach can 
be divided into two stages [69], with the first stage predating the introduction of computers and 
FE techniques, and the second stage encompassing work performed after the development of 
the FE method. Continuum approximations have taken the form of either assuming beam-like 
[70] or shell-like [71], [72], [73] behaviour for the gross skeletal system, as appropriate, and 
have been found especially appropriate for use in situations where the ratio of external 
dimensions of the LSS to the length of its component members is large. It can be seen that 
such a smearing of the properties of a skeletal structure is opposite to the discretizing step 
taken in the development of the FE model of the system.
2.7 Numerical Analyses
2.7.1 N atural Frequency Extractions
The most suitable algorithm for the extraction of eigenvalues from a system of 
equations depends on a number of factors including the size, symmetry, and positive 
definiteness of the equations. Also, the number and magnitude of eigenvalues required, and the 
possible absence of external supports for the structure, must be taken into account in the 
selection of the most appropriate routine. A review of many available techniques, all of which 
are characterized by their iterative nature, can be found in [57]. In the particular case of LSS 
analyses, it is necessary to reduce the problem size to more manageable proportions prior to 
extraction of the eigenvalues. A popular next step is to convert the reduced eigenproblem to 
its tridiagonal, i.e. Jacobi, form, for which a number of efficient eigenvalue extraction 
techniques exist.
Two noteworthy methods for dealing with the size of these problems are the Lanczos 
method [74] and the subspace iteration method [75]. The Lanczos method, which has been 
implemented in the NASTRAN FE program, performs both the matrix reduction and its 
subsequent conversion to tridiagonal form in one step. This method, a history of which is 
described in [76], is finding increasing application in areas as diverse as molecular physics and 
transient thermal analysis [77], and is generally considered [55] to be the most attractive of 
available reduction techniques, especially after the removal of its initial numerical instability 
[78]. Both the ABAQUS and LUSAS FE packages have implemented the subspace iteration 
technique. This transforms the description of the problem into the lowest few eigenvectors of 
the structure prior to extraction of the required characteristic, i.e. eigen-values of the overall
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system. The ABAQUS program then converts the reduced eigenprooiem to its tnumguuai iw u  
using the Householder reduction method, [79], [80]. Once in this intermediate form the system 
is solved for its eigenvalues using the QR algorithm [81], [82]. The combination of the 
Householder and QR algorithms is most efficient for the extraction of all the eigenvalues from 
a small system of equations. In contrast, the existing frontal solver is used by LUSAS to 
extract the eigenvalues, with Sturm sequence [83], [84] checks being made to ensure the 
completeness of the calculations.
2.7.2 D irect Dynamic Analyses
The solution of time domain dynamic analysis problems may be achieved using 
either mode superposition or direct time integration numerical methods. The mode superposition 
technique requires changing the basis of description for the structure prior to the analysis 
being carried out. A similar transformation is not required when using direct integration 
schemes.
The range of direct numerical integration schemes available demands that suitable 
care is exercised in the selection of the most effective algorithm for a particular application. 
The methods differ in the assumptions made as to the changes of the variables within each 
discrete time increment, the equilibrium equation satisfied, and where it is solved in each time 
step. Integration schemes can be broadly classified as being either explicit or implicit in their 
mode of operation. Explicit schemes, e.g. Central Difference or Runge-Kutta [85], [86] 
methods, from considerations of numerical stability, place an upper bound on the time 
increment size. Conversely, implicit schemes such as the Newmark, Houbolt [87], Wilson-Theta 
[88] or Harmonic Acceleration [89] operators are not constrained in such a manner and are 
deemed to be unconditionally stable. Bert and Stricklin [90] compared the efficiency of two 
explicit and four implicit methods applied to the study of both linear and non-linear, damped 
and undamped systems. They found that the explicit schemes, although requiring smaller step 
sizes, are the most efficient algorithms for the solution of the five sample problems examined. 
However, in a comparison by Bathe [57] of popular integration methods for linear systems it 
has been found that, based on considerations of cost, accuracy, stability and ease of use, the 
Newmark [91] implicit scheme appears to be the most attractive. It is considered that the 
apparent disparity between these two findings is due to the necessary iteration required at 
each step in non-linear analyses. This is sufficient to reduce the efficiency of the implicit 
schemes examined.
2.7.3 Solution Strategies
The large sets of simultaneous equations to be solved in these analyses require the 
use of an efficient solution strategy. Two popularly implemented schemes are the nodal banded 
and the element frontal [92] solution strategies. The nodal banded solution methods involve the 
in-core assembly and subsequent solution of the global system of equations according to the
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node numbering scheme adopted. The size of the problem is dictated by the maximum 
bandwidth encountered in the problem, this being the maximum difference between node 
numbers connected by elements in the model.
The popularity of the wavefront solution technique is derived from its characteristic 
that, for a given elimination sequence, the maximum element wavefront will always be less 
than or equal to the corresponding nodal bandwidth [93]. This is a feature that can be most 
pronounced in analyses using three-dimensional solid elements. It should be noted that the 
optimum solution strategy may be machine-dependent, and indeed implementation of the 
banded scheme on computers with slow read-write characteristics may improve the speed of 
solution over that of a corresponding frontal strategy. Also, in certain instances the costs 
incurred in optimizing the wavefront may outweigh the savings made in the analysis, a possible 
example being in a linear static analysis. However, for iterative analyses such as encountered 
in frequency extractions, the initial costs are invariably recouped in the reductions in size and 
number of iterations required.
2.8 Classification of Analytical Modes
A number of distinct mode types may be extracted from a finite element model in 
a natural frequency extraction analysis. Extensional modes, which include the vibrational modes 
of the structure, involves a straining of the elements in the model and these modes are 
produced at frequencies greater than 0 Hz. If the model is insufficiently restrained externally, 
the assemblage is capable of developing a number of global rigid body modes (RBMs) at 0 Hz. 
A total of six RBMs will occur in a three-dimensional structure analyzed under free-free 
conditions. A third type of mode, in which the elements in the assemblage can deform without 
a corresponding change in strain being detected at the element’s Gauss points [72], can also 
be developed in the model. The development of such an inextensional mode may be as the 
result of the presence a local mechanism in the structure and, because of the absence of strain 
energy associated with this mode, will also be exhibited at 0 Hz. Alternatively, the occurrence 
of such a mode may be due to the formulation of elements assigned to the mesh, and an 
example of such an instance can be found in [94]. Hinton [95] notes that reduced integration 
element formulations, although computationally efficient, can lead to rank-deficient matrices 
which may result in the evolution of these spurious deformation mechanisms or zero-energy 
modes. Increasing the number of Gauss points in the affected elements, or ensuring that they 
are adequately externally restrained, are effective measures in suppressing the development of 
these "hourglass" modes. The method presented in [96] is typical of several that have been 
proposed to inhibit the development of these non-RBM types of zero-energy modes in FE 
analyses.
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2.9 LSS Dam ping
2.9.1 D am ping Sources
Free (i.e. unforced) vibrations of a structure involve the cyclic transfer of energy 
between its kinetic and potential energy components. A fraction of this energy is removed from 
the system during each cycle by a number of mechanisms which together constitute the 
damping in the structure. Linear energy sinks include internal viscous or fluid-friction material 
dissipative damping and external aerodynamic and acoustic radiation damping [97], [98]. Non­
linear damping sources include material hysteresis, Coulomb damping, and plasticity effects, 
as well as slippage in mechanical joints.
2.9.2 External D am ping
The effects of acoustic damping have been found to be dependent on the shape of 
the structure [32] and also, it appears, on its specific stiffness. This is borne out in studies at 
Boeing which have shown that air damping for a graphite reinforced epoxy tube specimen was 
negligible [99]. Conversely, it has been reported [99] that tests performed by G.E.C. on flexible 
solar arrays have shown considerable differences in the damping ratio values in air and in- 
vacuo. This finding has been corroborated in a study [100] which has shown that aerodynamic 
damping can significantly diminish the frequencies of a solar array under test. The influence 
of the earth’s environment of the modal survey results is therefore seen to be considerable and 
difficult to quantify, as is attested by the report [101] that the correspondence between 
predicted and actual damping data for the Hermes communications satellite was in error by 
a factor of three or more. A discussion on the effects of support damping can be found in [34]. 
In general, the contribution of air-damping to the dynamic response of composites is anticipated 
to be small, but can be expected to have a significant influence on the behaviour of the perspex 
structures whose members have a lower specific stiffness.
2.9.3 In terna l D am ping
The contribution of damping to structural behaviour is difficult both to measure 
experimentally and to describe analytically. Results from modal surveys [102], [31], [103] have 
shown that, although values of frequencies and mode shapes have been consistent, the damping 
estimates have shown a dependence on the type of modal survey performed. It has also been 
shown [104] that the extrapolation of damping results from single jointed sub-structures cannot 
be accurately used to assess the damping of larger, more complex structures constructed from 
these components. A similar finding has also been obtained in [32], where it has also been 
shown that the damping characteristics of a structural composite are intimately associated with 
its ply orientation.
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2.9.4 Analytical Description of Damping
In the analytical description of damping it is common to model all energy dissipative 
mechanisms as equivalent viscous damping to bring about an often-necessary simplification of 
the damped mathematical description. Hasselman [105] has developed an approach for 
synthesizing the global modal damping matrix from component test data which uses full 
component modal damping matrices. In certain instances the system damping matrix may be 
diagonalized to allow uncoupling of the equations in the modal domain. This has been found 
reasonable if the modes are not closely spaced [106], otherwise mode coupling can occur. As an 
alternative to the assumption of modal damping, Foss [107] has uncoupled the equations by 
selecting a set of complex modes as the generalized coordinates. Use of this method in 
spacecraft response analysis is limited in practice [99]. The assumption of modal damping and 
the use of normal modes obtained from the undamped free vibration problem are prevalent in 
the industry because of the simplicity of the problem formulation, ease of verification by modal 
test, and the reasonable accuracy of analysis results. Sometimes a proportional damping matrix, 
which was introduced by Rayleigh, is constructed. It is calculated as a linear combination of 
the mass and stiffness matrices and this form, along with its development by Caughey [108], 
[109], is often employed for mathematical convenience. Although the coefficients for this matrix 
must be estimated, the method does appear to have applications in physical problems [57].
2.9.5 Influence o f Damping
The damping in a LSS ultimately dictates the amplitudes of its response under
c»*yo***fr of W>-e_
steady state excitation. However, damping has little opportunity to contribute to the^dynamic 
response to transient stimuli, the loading type to which such structures will be predominantly 
subjected [110]. It is therefore seen that the impact hammer technique, which emulates the 
transient excitations, is especially suitable for the testing of representative sub-assemblies of 
such structures.
2.10 Large Space Structures
2.10.1 Feasibility o f LSS
In an examination of the options facing the space program over the last quarter of 
the twentieth century [111], NASA engineers concluded that many space expeditions will 
necessitate the use of large space systems [101] as an integral component of their missions. The 
study also foresaw the ability to design, fabricate, deploy, and control large lightweight 
structures in space. These would include solar arrays of the order of one square kilometre and 
antennas up to thousands of square metres in area.
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2.10.2 Concept LSS Configurations
Candidate large systems include a hoop-column deployable antenna by the Harris 
Corporation [112], the Lockheed Advanced Technology parabolic wrap-rib reflector, an erectable 
space platform by Rockwell International, and a box truss reflector by Martin Marietta [113],
[114]. The General Dynamics Corporation has put forward a parabolic erectable tetrahedron- 
based truss antenna (PETA) as a potential candidate for a large reflector system. It is 
anticipated [121] that a proposed 100 metre diameter hoop-column reflector would have a 
fundamental frequency of 0.05 Hz. A concept 300 metre diameter wrap-rib reflector would be 
expected to have a deployed frequency as low as 0.007 Hz.
2.10.2.1 Tetrahedral Truss Reflector
The reflector dish is hexagonal in shape and is based on the deployable tetrahedral 
truss concept. Each tetrahedron forms one truss bay  W t  the required parabolic surface being 
developed by suspending RF reflective mesh across each bay using an arrangement of standoffs 
and tension ties. A graphite/epoxy composite is envisaged for the tubular elements of the 
support structure and gold-plated molybdenum as the material for the reflector mesh.
A study of fabrication imperfection effects on the surface accuracy of four different 
antenna reflector structures has been performed by Bush and Heard [115]. They have shown 
that the tetrahedral truss concept has the greatest potential of the structures examined for use 
in accurate or large reflectors. These studies have also revealed that minimum mass spacecraft 
intended for launch using the Shuttle are characterized by extremely slender strut proportions. 
McDonnell Douglas [116] have studied the fabrication of a prototype deployable tetrahedral 
truss manufactured entirely from composites for future Space Station use. Additional studies
[117] have shown that the number of elements in a tetrahedral truss antenna of a given 
diameter has a significant effect on its surface accuracy in reflector applications.
A specific application for a large reflector system that has received some attention
[118] is the Microwave Radiometer Satellite [119], [120]. This system has a diameter of seven 
hundred metres to meet demanding resolution sizes of one kilometre for soil moisture 
monitoring. The concept has been adopted by Langley to focus inter-disciplinary efforts in the 
electronic, structural and control requirements of such systems.
2.10.2.2 Platform Based Antenna Clusters
Proposed designs of LSS have also considered the grouping of reflectors on a 
supporting platform. Towards this end, the Marshall Space Flight Center has proposed a 
telecommunications platform-based antenna cluster configuration to be deployed in orbit [121]. 
It would assume a multi-purpose role, including fixed point communications, mobile satellite 
communications, broadcast satellite services, space research, metrology, and earth observation. 
The platform surface would be developed by a tetrahedral geometiy of dimensions 98 x 31 x 
12 metres, upon which would be mounted twenty three RF antennas. The entire configuration
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would require three Shuttle flights to transport it into orbit and its power requirements would 
be approximately 20 KW.
In general, the high level of interest in flexible LSS is evidenced by the detail in 
the selection of proposals reviewed. From these, the attributes of the tetrahedral truss concept 
mooted by General Dynamics make it quite suitable as a configuration for the reflector systems 
to be investigated.
2.10.2.3 LSS Power Requirements
The anticipated power requirement for LSS is considerably greater than that for 
previously launched satellites. For example, the solar arrays for the Intelsat V system [122] 
were designed to provide 1.2 KW continuously over its seven year orbital lifetime. The arrays 
consisted of two wings each 7.0 x 1.7 metres and weighed 64.1 Kg. These cells are usually 
made from Silicon- or Gallium-based material and normally have a thickness of between 50 pm 
and 200 pm [121]. Solar cells are vulnerable to radiation induced damage, particularly a t LEO, 
and this susceptibility can be alleviated by reducing their thickness, thereby decreasing their 
absorption characteristics. The above-mentioned mass for the solar arrays of Intelsat V satellite 
was contributed to mainly by the supporting structural frame and electrical components.
In contrast, Aeritalia has performed an examination of two concept solar power 
configurations supplying 15 KW to a large communications platform. The first bank of arrays 
has dimensions of 26.2 x 2.57 metres and a mass of 200 Kg. The second arrangement, which 
uses different solar cells, has 15.6 x 3.65 metre arrays and again the assembly has a mass of 
200 Kg. The power-to-blanket area ratio for this arrangement is 173 W/M2. In a similar concept 
design a power requirement of 50 KW is satisfied by two wings with the arrays returning a 
power-to-blanket area ratio of 110.1 W/M2. It is seen from the requirements of the above 
configurations that the solar arrays for the proposed LSS will be very flexible and that a 
provisional allocation of a power generation capacity of between 15 and 25 KW will be 
necessary for such systems.
2.10.2.4 Developments in LSS Technology
A further step closer to the deployment of a LSS in orbit was taken in Autumn 
1984 when the Shuttle successfully deployed a large solar array and later returned with it to 
earth [101]. The array was thirty five metres long and had a minimum structural frequency 
of 0.05 Hz. The flight test of this article was instrumental in demonstrating the packaging and 
deployment concepts necessary for the successful development of LSS technology. General 
Dynamics have fabricated a five metre diameter PETA antenna [123] to demonstrate deployable 
reflector technology. Glass reinforced epoxy tubes were used for the members of this concept 
truss and its joints were manufactured from titanium. Similarly, studies on both the Lockheed 
and Harris concepts have included the development of test structures of the order of fifty five 
metres in diameter for examination.
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2.11 LSS Control C onsiderations
2.11.1 Active Damping Control
Effective control measures for the flexible modes of LSS result in lower maintenance 
costs, longer service life, and improved dynamic performance [124]. However, the sizes of the 
structures envisaged will result in their fundamental structural modes falling within the 
frequency bandwidth allocated for the attitude control systems [125]. The needs associated with 
the active control of vibrational modes differ from those of active attitude control in that, 
whereas the thrusters are located ideally at nodes of vulnerable global modes in the attitude 
control systems, the thrusters are positioned at anti-nodes of the systems modes in vibrational 
control systems. The control of resonant vibrations in such systems primarily by active 
measures may, at the current state of technology, involve a considerable increase in its static 
mass. Additionally, the energy requirements of these additional devices over the expected thirty 
year life of the structures could amount to a significant proportion of the system’s total energy 
expenditure and is therefore not an entirely satisfactory measure for vibrational damping 
control.
2.11.2 Passive Damping Control
Whereas a measure of such active vibration control will undoubtedly be required, 
its function can be aided by the provision of passive damping mechanisms into the design of 
the structure. The inherently low damping properties of the high technology composite material 
envisaged for the construction of such LSS cannot be relied upon as the sole passive damping 
agent. This is as a consequence of the observed tendencies [32] of the damping characteristics 
of materials to decrease as their stiffness increase. Consequently, in extreme cases the 
advantages associated with high stiffness materials must be weighed against the lower material 
damping of the resulting structure. Therefore, to augment the existing passive material 
damping, the location of additional dashpot-type friction devices or viscoelastic energy 
dissipation material within the fabric of the structure [124] may be necessary. Although mass 
penalties are accrued in their provision, the presence of such devices may be of the utmost 
importance in the control of these flexible structures. The need for passive damping is further 
emphasized when the mass optimization goals of the structure are considered. These objectives 
can be seen to involve obtaining a system whose modes are clustered about the highest possible 
frequency. However, this is potentially in conflict with the requirements of adequate frequency 
separation to allow the efficient control of the flexible LSS modal behaviour. This highlights 
the need for adequate inherent damping in the structures to allow their mass optimization to 
be pursued in full.
The mechanical joints in skeletal structures are also well known sources of passive 
damping control. Literature generally recommends that these joints must be of close tolerance 
and be provided with large clamping pressures. Crema [103] has shown that if such joints are
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fastened sufficiently tightly to prevent translation, and yet allow relative rotation, the stiffness 
loss in the joint is small, while its Coulomb-type damping capacity is increased. The 
accompanying reduction in the joints’ moment rigidity does not decrease the modal stiffness of 
these large skeletal structures. This is evident from a consideration of their lower mode shapes 
which reveals that they are developed primarily through axial straining of the members in the 
truss. Rotational rigidity of the joints is therefore not required in such instances and this is 
confirmed by Venneri et al [40] who state that pin-jointing is the most suitable method for 
fastening members in space trusses. This is despite the tendencies of pinned joints towards 
non-linear behaviour under loading. A similar finding has also been reached by Rhodes [126] 
in a detailed study of the factors affecting the static stiffness of both a pin-clevis and a folding 
linkage joint designed for use in a deployable truss structure. It was found that, for high axial 
loads, local bending of the members in a truss reduces its axial stiffness. This bending must 
therefore be eliminated in the members and connecting joints, if at all possible, for high axial 
and torsional stiffness to be attained in the skeletal structure.
2.11.3 Reflector Surface Control
Fabrication errors in large space antennas, as well as their differential distortion 
due to thermal and vibrational effects in orbit, can lead to significant deviations in reflectors’ 
surfaces from their desired optimum geometries. The active shape control of such antennas is 
therefore integral to the efficient operation of the reflector systems. The shape control of a 
tetrahedral truss antenna, using actuators that can lengthen or shorten individual members 
of the base structure, has been addressed by Padula et al [127]. Similarly, recent shape control 
investigations on a fifteen metre hoop-column concept antenna [128] have involved adjusting 
the control cable lengths to achieve the desired surface curvatures. Therefore, in analyzing such 
systems account must be taken of the effects of the necessary active shape control measures 
on the dynamic performance of these antennas.
2.11.4 LSS A ttitude Control
Investigations have also been undertaken by Malla et al [129] into the active control 
of very large space structures with characteristic dimensions of several kilometres and placed 
in eccentric orbits. They show that, for highly eccentric orbits, these extremely large structures 
may rotate continuously under the action of the earth’s gravitational forces. The orbital 
eccentricity, however, is predicted to induce only small magnitudes of structural deformations. 
The results of this analytical study illustrate the vulnerability of large space structures to such 
tumbling motions and the possible need for preventative control measures to be implemented 
during fabrication at LEO and in transit to their operational, geosynchronous, orbits.
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2.12 Sum m ary
The development of a new generation of GEO-based antenna reflectors of over fifty 
metres diameter, and of multi-functional space platforms exceeding one hundred and fifty 
metres in overall dimensions, is envisaged to cater for the rapidly increasing demands of land- 
mobile communications networks. It is likely that these structures will be manufactured as 
skeletal systems and will make use of the superior structural characteristics of graphite 
reinforced high performance thermoplastic composite materials in their construction. Full scale 
ground-based testing of such structures is not feasible and hence emphasis will be increasingly 
placed on accurate experimental testing of representative LSS sub-assemblies and of their 
associated mathematical modelling, primarily using the FE method. Above all, this review has 
served to highlight the need for establishing a high level of correlation between experimental 
and analytical techniques as a pre-requisite for the successful implementation of LSS technology 
for terrestrial data-relay services.
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Chapter 3 Experimental Analyses
3.1 Introduction
The first part of this chapter contains information relevant to the performance of 
modal surveys on unrestrained skeletal structures. In this section the benefits of transforming 
the representation of the dynamic behaviour of such systems into the modal domain for 
subsequent examination are firstly outlined. This is followed by an explanation of the modal 
survey technique developed and applied to the structures examined in this study. Also included 
is a description of the equipment used and the general test conditions pertaining to the 
examination of the structures. A number of measures to condition the experimental data, and 
hence ensure the quality and validity of their frequency domain representations, were developed 
in the course of this investigation. The steps taken at each stage, from the source of the data 
at the sensing transducers to their spectral format in the frequency domain, are given in this 
section.
The second section of this chapter deals with the description of the perspex and 
composite materials and the jointing methods used in the manufacture of the structures 
surveyed in this investigation. This is followed by a description of each structure surveyed, 
along with the support and test conditions applied in their examination. Also included is a 
description of tests performed experimentally as part of the study undertaken into the degree 
of anisotropy required to accurately characterize the dynamic behaviour of the composite 
material. This examination was intrinsic to the analytical agreement obtained for the composite 
structures’ modal behaviour and to the accuracy of the ensuing FE parametric studies into the 
behaviour of LSS configurations. The FRF spectra obtained in the structures’ modal surveys 
are plotted at the end of the chapter and the relevant results are also tabulated for reference.
3.2 Modal Domain Representation
The analysis of structures in the time domain is a well established method for the 
calculation of their response to dynamically applied loads. However, because the analysis 
involves a complete description of the structure, the study of the dynamic behaviour of large 
skeletal configurations can become quite costly. The results of such analyses can also pose 
problems in their interpretation because they are obtained usually for selected degrees of 
freedom (DOF) in the structure only. Consequently, it may be difficult to establish the global 
response of the structure based on these results alone.
Transformation of the problem description into the modal domain is a technique 
which can be employed in these cases. This is possible because the mode shapes of a structure 
are mutually orthogonal and they span the space of the system. This entitles the set of mode 
shapes to be considered for use as an alternative basis for the structure’s description. No 
information is lost in the transformation into the modal domain and, once defined with respect
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to this basis, the response of a linear structure to either static or dynamic loading can be 
expressed, using mode superposition, as a linear combination of its modal contributions.
3.2.1 M odal Analysis
A modal analysis is used to determine experimentally the modal parameters of a 
structure which are required for the construction of its dual, modal domain description. It 
involves the systematic excitation and detection of these parameters, and can be considered a 
hybrid of experimental and computational techniques. A typical modal analysis involves 
determining a set of frequency response functions (FRFs) for selected pairs of vectors, i.e. 
locations and directions, on the structure. These FRFs are characteristic of linear stationary 
systems and are independent of both the type and the level of stimulus used in their 
calculation. Each FRF contains information on both the frequencies and corresponding modal 
damping ratios of the resonances stimulated and detected at the relevant structural vector pair. 
It therefore remains to curve-fit the set of FRFs numerically to complete the description of the 
structure in the modal domain.
The modal parameters can also be utilized directly to ensure that the excitation of 
resonances in a structure is avoided under operating conditions. This can be achieved in either 
or both of two ways, each acting on different features of the parameters. The first ensures that 
the resonant frequencies do not correspond to any frequency components in the excitation 
spectrum, whereas the second method involves modification of the vulnerable mode shapes to 
make the loading vectors coincident with the modes’ node points. Additionally, the modal 
parameters can be used to optimize the design of a structure with respect to its mass because, 
as shown in chapter four, maximization of the modal frequencies is consistent with a minimum 
mass design for the structure. With launching costs currently in the order of tens of thousands 
of pounds per kilogram, this is a feature of the utmost importance in the design of all 
structures intended for deployment in earth orbit.
A mode superposition dynamic analysis using all the modes of a finite element 
model will yield identical results to, and be equally as costly as, an equivalent analysis using 
a direct time integration scheme and the same time increment steps. However, a benefit of the 
mode superposition method is that in many cases only a few selected modes may be required 
to adequately describe the response of the structure, with an ensuing reduction in the cost of 
the analysis. It should be noted that this is achieved at the expense of the reduced set of 
modes no longer forming a complete basis for description of the structure in the modal domain, 
although usually the effects of this violation are minimized by ensuring that the modes selected 
are sufficient to model accurately the behaviour being studied.
3.2.2 M odal Surveying
A feature associated with the software used in the experimental transient analyses 
was that it did not support a curve-fitting of the FRFs extracted from the structures and
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therefore complete experimental modal analyses could not be carried out. However, the modes 
and frequencies can also be determined by performing natural frequency extractions on 
analytical models of the structure. These extractions yield the eigen or "own" vectors, {<{>},, and 
associated eigenvalues, of a structure. The characteristic eigenpairs from such an extraction 
are orthogonal, and a complete set forms an alternative basis of description for the structure. 
The correspondence between a structure’s eigenpairs and its modal parameters is that the 
scaled eigenvectors are comparable to its mode shapes, and each eigenvalue is related to a 
natural (undamped) structural frequency, fn, by:
f„ = --------------------------  - 3.1
2  7C
where fn is in cycles/time.
A set of preliminary natural frequency extractions was performed on analytical 
models of each of the structures examined in this study. The eigenvectors were used for 
reference in determining the optimum vectors, i.e. locations and directions, to both excite and 
detect the modal characteristics of the structure prior to performing the actual surveys. 
Possessing this information, the experimental tests were consequently reduced to undertaking 
modal survey FRF calculations to establish the existence of the modes and frequencies which 
had been predicted analytically. In such a manner, verifying the presence of these modes in 
the physical structure was deemed sufficient to validate the use of the FE method in these 
studies.
3.3 Im pact Testing
The transient impact hammer test was chosen to excite the structures examined in 
these studies. Its portability gives it the advantage of having a short set-up time, and also it 
does not add mass to the structure under test. These are two features not associated with 
similar, vibrator-based excitation sources. However, it is difficult to ensure repeatability of 
loading with an impact hammer, especially in the testing of unrestrained structures, and its 
baseband stimulus invariably induces the development of rigid body modes (RBMs) in such 
systems. Additionally, the large crest factor, i.e. ratio of maximum to average signal amplitude, 
associated with this test can make it prone to inducing non-linear components in the response 
of susceptible structures. Also, the low levels of energy imparted by the hammer may not excite 
adequate modal responses in certain structures. Despite these disadvantages, the low baseband 
range of frequencies it was required to excite, and the anticipated lightly damped modal 
characteristics of the composite structures, made the impact hammer test well suited to the 
modal survey FRF calculations.
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3.3.1 Variables In fluencing  Im pact Testing
The transfer of energy between two elastic bodies under collision can be expressed 
[1] as follows:
1 - e 2 M , • M 2
5T = -------   •  • (V2 - Vi)2 - 3.2
2  M x + M 2
where ST = dissipation of energy during impact,
Mj = Mass of hammer,
M2 = Static mass of structure,
Vx = Velocity of hammer before impact 
V2 = Velocity of structure before impact, 
and e = coefficient of restitution for the bodies.
To maximize ST, it is necessary to ensure that (Vi - V2) is maximized, and that 
both e  and Mj/Ma are a minimum. The above equation does not consider the spectral 
distribution of the energy transferred during collision and it should also be noted that the 
generalized mass of each mode may be considerably less than the static mass of the structure. 
The distribution of frequencies excited by an impact is baseband with a Sin(X)/X representation 
and it is customary to define the maximum frequency excited, i.e. cutoff frequency, as that at 
which the level of the signal strength has reduced by -10 dB in its logarithmic FFT format [2]. 
Although accurate in most instances, it has been found during this study that the applicability 
of this guideline should be determined with reference to the slope of the spectral curve a t - 
10 dB. Whereas a steeply sloping curve will generally obey this empirical rule, a shallow curve 
may indicate that the cutoff point should be extended to, perhaps, -12 dB in the impact 
spectrum.
The range and distribution of frequencies excited by a hammer during impact can 
be controlled to a limited extent by a number of factors. The value of the coefficient of 
restitution is governed by the material hardness of the impacting objects, and therefore tips 
of varying hardness are available for the hammer. It is also possible to increase the mass of 
the hammer, if desired. The effect of this is to lower the cutoff frequency whilst increasing the 
energy transferred to the lower frequencies in the spectrum. A listing of the hammer tips used 
in the impact hammer surveys is given for reference in table 3.1.
3.4 Modal Survey Test A pparatus
Figure 3.1 shows the test equipment used in obtaining the structures’ characteristic 
FRFs in the study. A Briiel & Kjaer type 8202 instrumented impact hammer [21 was used to 
excite a modal response which was then detected by a roving Birchall accelerometer affixed to
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the structure. Signal amplification for the accelerometer and hammer force transducers was 
achieved using a pair of Birchall amplifier channels. Additionally, in the surveys of the very 
light perspex cube and the glass composite beam, the higher frequency excitation attributes of 
a lightweight hammer [3] were made use of, where necessary, to excite modal response in the 
structures. The amplification for the transducer in this hammer was performed using its own 
dedicated equipment. Both the impact force and acceleration response waveforms were sampled 
digitally and stored in a Datalab DL1200 multi-channel recorder [4], which was configured for 
two channel operation in these modal surveys. Each channel in the recorder had its own 12 
bit analogue-to-digital converter, yielding a resolution of 1 in 4096 points, and was capable 
of sampling rates of up to 0.5 MHz. The operation of the recorder was controlled remotely via 
an IEEE interface using dedicated Datalab ACQUIRE software [5], which was mounted on a 
Hewlett-Packard Series 200 computer. A total of 4096 samples of the excitation force and 
acceleration response waveforms were taken in each transient survey and stored in the 
recorder; this number of points being found sufficient to define the characteristics of the 
transient signals accurately in all tests. The samples were transferred to the HP200 computer 
after capture for subsequent conditioning and FFT processing into their frequency domain 
representations, including the cross-point FRFs of the structure. Hard copy plotting facilities 
and a means of storing data for future retrieval were provided in the form of a HP plotter and 
disk drive connected to the system. A significant feature of the DL1200 recorder was that its 
data sampling was confined to discrete intervals ranging from 2 #Sec to 20 mSec in an 
incremental progression of 1, 2 and 5. This restricted the frequency range and resolution 
obtainable, and consequently reduced the general versatility of the equipment.
3.5 Structure Support and Survey Conditions
Simulated unrestrained or "free-free" boundary conditions were used in the 
experimental analyses on account of their applicability to the study of structures intended for 
deployment in orbit. They were chosen also with regard to the need for accurate correlation of 
the computational and experimental analyses of the structure. In each case they were achieved 
by ensuring that the development of the structure’s bending modes of vibration were not 
unduly hindered by the suspension system adopted. In general, it was found that unrestrained 
conditions were most accurately approximated by uniformly suspending the structure by long 
and flexible elastics from many anchorage points, thereby diffusing their influence on the 
structure’s modal behaviour. Additionally, it was observed that the sensitivity of a structure’s 
modal behaviour to support effects was dependent on the specific stiffness of the material. 
Hence, whereas the perspex structures required the uniform suspensions described above, 
unrestrained conditions for the composite structures were often found to be approximated 
effectively by supporting the systems solely from the node points of their fundamental bending 
modes. Furthermore, supporting composite structures from a few points near localized 
concentrations of mass, in anticipation of node points for the lower bending modes gravitating 
towards these locations, was found to effectively simulate unrestrained conditions. Flexible side
restraints were also provided, where necessary, to reduce the large amplitudes of the pendular 
RBMs developed by some of the structures tested.
An additional benefit of these boundary conditions arises in studies of specific modes 
of interest in relatively flexible structures, where it is possible, through judicious placement of 
the supports, to restrain the participation of neighbouring modes in a structure’s response, 
whilst surveying a particular mode of interest. However, a drawback of this feature is that the 
inadvertent co-location of one of the vectors at which the structure is being interrogated and 
a node point of the surveyed modes will lead to the absence of this mode from the FRF 
representation. This phenomenon associated with signal sampling is known as spatial aliasing. 
The selection of vector pairs was also made, therefore, with reference to the modes of interest 
with the vectors usually being positioned, if they did not unduly interfere with the response, 
near anti-nodes of these modes.
3.6 Analogue Signal Conditioning
The introduction of spurious noise components into a waveform being sampled 
should be prevented to ensure that the quality of its frequency domain representations is not 
degraded. Waveform traces can become contaminated with noise from inadequately adjusted 
equipment, from cables connecting the equipment, and from often-periodic interference from 
insufficiently screened neighbouring apparatus. Regardless of whether the noise is random or 
periodic, its effect is to impair the signals being sampled and hence it must be eliminated. 
However, in the process of maximizing the signal-to-noise (S/N) ratio it was possible, with the 
equipment used in this study, to inadvertently clip the amplitude of the waveform signals being 
recorded. A description of the methodology developed in the course of this investigation to 
ensure the integrity and quality of the data being captured may be found in appendix A
3.7 Sampling Interval
The sampling interval and the blocksize, i.e. number of samples, transformed by the 
FFT determine both the resolution and the maximum frequency portrayed in the frequency 
domain spectrum. The influence of the sampling interval (or, alternatively, its inverse, the 
sampling frequency) is a consequence of the Nyquist criterion. This criterion stipulates that a 
minimum of two points of a component frequency must be sampled within its period for that 
frequency to have a valid representation in the spectrum. In practice, a minimum of five to ten 
points is recommended for signal analysis applications. Blocksizes of 2N real samples are 
transformed by the ACQUIRE software into 2N'* complex-valued spectral lines in the frequency 
domain. The resolution of a spectrum obtained in this manner has been found to be equal to 
the inverse of the time taken to record the transformed block of data. The DC line is 
represented in the frequency spectrum and so the maximum frequency that can be resolved is 
equal to half the sampling frequency minus the resolution of one spectral line.
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3.7.1 S igna l A liasing
Failure to consider the Nyquist criterion in selecting a suitable sampling interval 
can result in the introduction of aliased products into the spectrum of the signal. Temporal 
aliasing, like its spatial counterpart, is a phenomenon associated with data sampling and is 
developed when the signal being digitized has frequency components greater than half the 
sampling frequency. Under such circumstances these products assume a false representation 
in the frequency domain. Temporal aliasing is a heterodyning process in which the difference 
between integer multiples of the sampling frequency and the actual frequency are mixed or 
folded into the frequency domain spectrum. The phenomenon of signal aliasing has important 
implications and is discussed in detail in the reference literature, e.g. [6], [7], [8]. Measures for 
the prevention of temporal aliasing operate by either filtering the signal or sampling it at a 
sufficiently high frequency. Filtering of potentially aliased components must be performed while 
the waveform is still in its analogue form because, once sampled, the aliased products are 
indistinguishable from the true data. Low pass analogue filters are often inserted for this 
purpose in the equipment at a point immediately before the analogue signal is digitized. 
Alternatively, by increasing the threshold frequency above which components will be aliased 
into the spectrum, sampling at a high frequency acts as a "soft" anti-alias agent. This is a 
device often employed by dedicated analyzers when performing transient tests. An adaptation 
of this form of frequency-controlled anti-aliasing was used throughout this investigation for the 
transient modal surveys, thereby dispensing with the need for a cascade of anti-alias analogue 
filters in the test apparatus.
3.7.2 Anti-A liasing Methodology
In the absence of external anti-alias filters, a rigid compliance with the Nyquist 
criterion is seen to have been essential to the integrity of the signals sampled in this 
investigation. The variability of the range of frequencies excited by the hammer causes the 
transient test technique to be particularly susceptible to temporal aliasing. A set of preventative 
measures, which were developed in the course of the investigation, consisted of sampling the 
waveforms at a high frequency initially and reducing this frequency progressively until the 
desired frequency domain spectrum range had been obtained. The resulting spectra were 
constantly monitored during this process to ensure that aliased products were not inadvertently 
developed in the signals. The sampling interval selected also had an effect on the time domain 
representation of the waveforms and due allowances had to be made for this in the equipment 
gain settings. The representation of the waveforms has also been found in practice to be 
sensitive to the triggering voltage selected on the recorder, although this feature does not have 
an effect on the representation of the waveform’s component frequencies. Again, both of the 
above experimental features are developed as a consequence of the Nyquist criterion.
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3.8 Sample Conditioning Prior To FFT Processing
3.8.1 Averaging
The averaging of a number of compatible data blocks in the time domain is often 
performed to reduce the levels of random noise in the data. Such time domain averaging was 
not performed in these transient free-free analyses because of the variability of the tests being 
performed and the related difficulties in ensuring that each test was triggered under identical 
initial conditions. Similarly, frequency domain averaging of the data was not carried out, again 
because of limitations in the ACQUIRE software.
3.8.2 Windowing
The application of the FFT algorithm in analyses requires that the signal is both 
continuous and periodic within the blocksize being transformed. It was therefore necessary to 
condition the aperiodic waveforms produced in the transient surveys for accurate processing by 
the algorithm. Sample conditioning, which can also contribute to noise suppression in a signal, 
was achieved in this investigation by the use of a window weighting function. A variety of such 
windows exist, with each being suitable for a particular application. They usually, although not 
necessarily, ensure that the signal is periodic by forcing the data at the ends of the blocksize 
to attain smoothly a value of zero, and hence the energy of the signal is sealed into its 
component modes. Although the windowing of a signal tends to increase the apparent damping 
of its component resonances, the use of such weighting functions allows the valid processing 
of a wide range of otherwise unusable signal types.
3.8.2.1 Energy Leakage
The incorrect windowing of a sample can result in the waveform being discontinuous 
at its ends, which can subsequently give rise to a leakage of the signal’s energy in the 
frequency domain. Energy leakage occurs when the energy in the affected modes, which have 
been found in this study to usually be the lowest, smears across a band of neighbouring 
frequencies, and consequently increases their apparent damping [6], [8]. Additionally, energy 
leakage can be caused by amplitude clipping in the time domain signals. The development of 
leakage in the frequency domain is due to the failure of the Fourier series approximation to 
converge at the discontinuities in the sample. This time domain feature is known as "Gibbs 
phenomenon”.
3.8.2.2 Self-Windowing Signals
Exponential windows are often employed on the response waveforms in transient 
tests with a "top hat" window being applied to the transient input signal. However, because
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of the limited selection of windows on the ACQUIRE software and its requirement that both 
waveforms processed in each set of analyses were windowed identically, such conditioning was 
not performed. Fortunately, certain classes of signals are self-windowing within their blocksize 
and require no numerical weighting prior to processing. To achieve these desirable 
characteristics in the experimental tests, the triggering of the signals was delayed by 5% of the 
total recording time and the waveforms were allowed to decay within 75% of the sampled data 
block. A rectangular or uniform window, which has no effect on the apparent damping of the 
modes, was then assigned to the traces during FFT processing.
3.8.3 Sample Mean Removal
Each of the recorder channels were directly coupled to the signals and offset as 
necessary to further ensure that the samples occupied the maximum range of the channels. 
After recording, an additional manipulation of the samples was performed by removing the 
mean value of the data block from each of its constituent points. This selectively removed the 
powerful DC component in the samples which often represented the structure’s RBMs, and 
which would otherwise have overwhelmed the higher frequency components in the spectra. The 
representation of AC components in the spectra was not affected by this operation [9], which 
also served to improve the numerical conditioning of the samples in their FFT processing.
3.9 Transformation Between Domains
The fast Fourier transform (FFT) algorithm [10] was used to transform the 
representation of data obtained experimentally between their time and frequency domain 
representations. The FFT efficiently calculates the discrete Fourier transform (DFT), which in 
turn numerically calculates the Fourier transform (FT) of a signal [7]. The FFT is applied to 
periodic waveforms and utilizes the orthogonality of the sine wave series to form an alternative 
basis for description of the signal. No information is lost in the transformation between 
domains, and the original time domain representation can be recovered by the application of 
the inverse FFT to the complex components of the spectrum. A number of methods can be used 
in the calculation of the required FRFs of the vector pairs, with the differing inherent noise 
suppressing attributes of these methods resulting in each finding particular application in 
situations where noise is present in either, or both, of the waveform samples. The general 
Fourier transform theory that has been used in calculating the frequency domain spectra, along 
with the method employed by the ACQUIRE software in constructing the FRFs of the vector 
pairs, is given in appendix B. Also included in this appendix is the equation employed in the 
calculation of the coherence function for the FRFs in the sine-dwell surveys (section 3.10).
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3.9.1 Spectrum  Representation
Every transient modal survey performed with the ACQUIRE software used a 
blocksize of 4096 points in the FRF calculations and this is reflected in the spectrum 
resolutions obtained, as shown in table 3.1. The FFTs of the transient load traces were 
portrayed using a logarithmic amplitude scaling to allow an estimation of the characteristic 
cutoff frequency of the stimulus to be obtained. A normalized linear amplitude was used for 
the FFTs of the acceleration response for plotting purposes. Similarly, a normalized linear 
amplitude was used in the FRF representation of the vector pair, in consideration of the 
spectra not being destined for subsequent curve-fitting into the structure s’ mode shapes.
3.9.2 Spectrum Interpretation
The modal characteristics of a structure, as represented by the resonant peaks of 
its FRFs, cannot be compared directly with the natural frequencies extracted analytically from 
its associated FE model. It is firstly necessary to determine the resonant frequency, fr, and 
damping ratio, of each resonance, which are then used to calculate its corresponding natural,
i.e. undamped, frequency, fn. One approach for calculating the equivalent viscous modal 
damping ratio is the half-power bandwidth method. It makes use of the resonance half-power 
points, i.e. the frequencies at which the power in the resonance drops to half its maximum 
value, and results in the following expression for ^ «  1:
f 2 - f ,
% = ----------  - 3.3
2f„
where f2 - fx is the half-power bandwidth,
and fn is the frequency of the normal mode.
The requirements of this technique are that the resonance is sufficiently separated 
from neighbouring modes and that both of its half-power points have their representation in 
the FRF spectrum.
Whereas the above method, like the imaginary or quadrature "peak pick" technique
described in [11], allows the modal damping ratio to be calculated directly from the FRF
* »
spectrum, an alternative is to transform the portrayal of the resonance into its Nyquist or 
Argand representation, i.e. a plot of its real versus imaginary components, from which the 
required values can be extracted. Viscously damped structures are characterized by the 
plots of their resonances forming circular curves, and it is therefore usual to fit these 
resonances with a circular or polynomial expression, which can also act to reduce the effects 
of noise in the resonance, prior to determining the resonant frequencies and damping ratios 
of each mode. The criteria placed on the resonance for the successful implementation of this 
technique are similar to those for the half-power bandwidth method. Such dedicated
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plotting and curve-fitting routines were not available in the ACQUIRE software and hence it 
was necessary to develop a program incorporating a least-squares, variable polynomial curve- 
fitting routine to perform this task.
Furnished with the resonant frequency and damping ratio values for the mode, it 
is possible to determine the natural frequency, fn, of the mode using the following relationship
[9]:
fr
V( 1 - 2£2)
where fr is the resonant frequency in cycles/time, 
and £ is the corresponding modal damping ratio.
3.10 Sine-Dwell Testing
The appearance of considerable background modal activity in the platform response 
during the modal survey of the perspex cluster, which is described in section 3.13.4.1, was 
deemed to be caused by the inertial self-excitation of the dishes due to the motions of the 
supporting platform. It was therefore decided to opt for the vibrator-based sine-dwell test, in 
which a sinusoidal excitation is applied to the structure and stepped through the frequency 
range of interest, for the remainder of the modal survey. A fundamental difference between 
impact and sine-dwell testing is that, whereas the scope of the former method is constrained 
by limitations imposed by sampling theory and the FFT algorithm, the sine-dwell method is 
not restricted in such a manner. The sine-dwell test attributes of controllable input signal 
levels, good S/N ratios, and low crest factors, as well as the ability to avoid excitation of the 
RBMs in unrestrained structures, are well-documented advantages over the equivalent transient 
test method. However, it is considered slower than impact testing and, more importantly, the 
mass of the attached vibrator head may inadvertently add to the mass of the structure during 
testing. The sine-dwell tests on the perspex cluster were carried out using a Hewlett-Packard 
HP3562A Dynamic Signal Analyzer (DSA) to generate and control the input signal, and to 
construct the FRFs for the experimental data. The repeatability of the sine-dwell technique 
allows each spectral line to be averaged independently during construction of the FRFs and 
therefore it was possible to calculate the associated coherence function for each FRF spectrum 
obtained in this series of modal surveys.  -----------  ------ --------
By definition, FRF spectra should be calibrated to allow meaningful evaluations of 
the system’s response to the applied stimuli to be made. The abscissa of the spectra obtained 
using the ACQUIRE software in the transient analyses was normalized to unity and therefore, 
strictly speaking, the spectra do not represent FRFs of the systems. Rather, they indicate the 
distribution and relative amplitudes of the resonances excited and detected in the impact 
hammer surveys. It should be noted that the spectra obtained using the DSA were calibrated 
and therefore constitute FRFs of the structures.
4 6
Note that the following symbols used in the spectra denote:
! ==> Excitation Vector,
? ==> Response Vector. -
SECTION TWO: DESCRIPTION AND TESTING OF STRUCTURES
3.11 Foreword
Prior to describing the mode surveys performed on each structure, the opportunity 
is taken to describe both the circumstances surrounding and the difficulties associated with 
their testing. Each structure investigated was found to possess individual characteristics that 
demanded the support, loading, and recording conditions be tailored to suit their modal 
behaviour. As mentioned in section 3.5, it was found that the modal response of the relatively 
flexible perspex structures was very sensitive to the effectiveness of the support conditions used 
in their examination. Conversely, the high specific stiffness of the material in the composite 
structures ensured that they did not show such tendencies. Additionally, the suitability of a 
particular test technique was found to depend on the structure being surveyed. This 
necessitated the examination of a number of methods to induce the optimum response 
characteristics in certain structures. The considerable variation in complexity and characteristics 
of each structure also required that the recording equipment was correctly calibrated during 
each survey to ensure the sampling of high quality data. This was in addition to the initial 
necessity of commissioning of the modal analysis software and developing a comprehensive 
methodology for performing the modal tests.
The modal survey method using an impact hammer as the excitation source can, 
because of the human input involved, be considered as much of an art form as an experimental 
technique. (The variability of the applied loads often resulted in only a fraction of the impact 
tests being suitable for FFT processing. This problem is discussed in more detail in appendix 
A.
The mode survey of each structure was very time consuming and, indeed, the survey 
of the perspex cluster took many weeks to perform. This was compounded by the limited speed 
of the ACQUIRE FFT software which required approximately four minutes to transform each
of the many 4096 point sample blocks obtained for every structure.
However, the inherent uncertainty associated with the surveying of each structure 
has led to a process of continual refinement of the mode survey techniques applied. This has 
served to broaden the scope of the technique’s application and helped to establish it as a valid
method for the examination of a wide range of unrestrained structures.
3.12 Perspex Material
Extruded tubular lengths of perspex plastic were used in the manufacture of the 
skeletal structures. Each member in the configuration was correctly aligned with the aid of 
timber falsework prior to its bonding to node points using TENSOL 70 cement. Fixed jointing 
was selected in preference to pin-jointing to facilitate accurate analytical modelling of the 
member’s end fixities. The node points were generally manufactured from perspex block, which 
was machined down into a cylinder and cut into disks of the required thicknesses.
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3.13 Perspex S tructures
3.13.1 Cube
The configuration represented by the perspex cube constitutes the fundamental 
repeating unit, or bay, of the skeletal platform arms. It has a two-way, double layer braced 
lattice configuration and forms a cube of 200 mm side length. All of its members have an 
identical tubular cross-section of 3 mm external radius and 1 mm wall thickness. Three types 
of member can be identified in this structure; namely those members lying either transversely 
to, or longitudinally along, the axis of the skeletal arm, and the bracing members, respectively. 
The bracing was provided on four faces of the cube leaving two opposing faces, which are 
intersected by the longitudinal axis of the arm, unbraced. This arrangement was selected to 
ensure that a minimum number of joint types were required in the construction of the arms 
and is similar to that adopted for the MAST Flight System [12] developed for test deployment 
from the Shuttle Orbiter. Cylindrical perspex joints with a 10 mm radius and a 10 mm 
thickness were used to attach the sixteen members in the structure.
This module of the skeletal arm was constructed to allow an examination of its 
global and local modes to be undertaken. Additionally, it was used to assess the capabilities 
of the FE method in reproducing the modal characteristics of a structure whose behaviour was 
dominated by macroscopic geometry effects.
The cube was supported, using light elastics in series, from four adjacent corners 
to achieve a simulation of unrestrained conditions for the modal survey. The length and 
elasticity of the support guys was selected to ensure that the frequencies of its RBMs were well 
separated from those of its vibrational modes.
Having a mass of 81.6 grammes, this was the least substantial of the perspex 
structures examined. It was decided initially to use the relatively massive B&K hammer, with 
a soft rubber tip attached, to excite the structure in the modal surveys. However, this did not 
succeed in stimulating all of the required modes in the structure. Surveys requiring the loading 
of the structure at relatively flexible locations well away from its vertices were found to elicit 
a poor response from the structure. Additionally, these tests resulted in the capture of double­
hit impact traces which, in the absence of a "top hat" transient force conditioning window in 
the ACQUIRE software, rendered the input signals invalid for FRF processing. It was therefore 
necessary to use a PCB lightweight hammer to complete the remainder of the modal survey.
Detection of the modal accelerations was achieved in all instances by the use of a roving
Birchall accelerometer positioned strategically about the structure.
The FRFs obtained from these transient tests are shown in figures 3.2 to 3.6. Table
3.2 contains the values of resonant frequencies extracted from the FRFs, as well as the
associated modal damping ratios calculated from polynomial curve-fitted tyre) 4*A plots of the
resonances. Also included are the estimated natural frequencies of each mode, calculated using 
equation (3.4).
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The quality of the spectra was not sufficiently high to obtain damping ratio 
estimates for all of the modes detected. Accordingly, the damping ratios for these modes were 
assumed to be equal to the average of the known values to allow natural frequency estimates 
to be obtained.
3.13.2 Arm
The perspex arm consisted of eleven bays of the previously described cube, these 
bays being attached along their unbraced faces. The arm’s member and joint sizes were the 
same as those for the cube and the overall dimensions of the arm were 2.2 x 0.2 x 0.2 metres.
The arm was supported for testing in a simulated unrestrained condition from two 
pairs of points on the longitudinal chords of the arm. These supports were located near the 
node points of the first transverse bending modes for a uniform beam of similar length. The 
suspension system was provided initially in the form of O-ring seal rubber to cater for the 
mass of the structure. However, on surveying the arm, the stiffness of this suspension system 
was judged to have a detrimental effect on the modal behaviour of the structure, and so was 
abandoned in favour of the lighter elastics successfully employed in the testing of the cube.
The impact and response vectors were positioned at the member joints of the 
structure, thereby confining the modal survey to the detection of its global structural modes. 
The FRFs obtained in the ensuing survey are shown in figures 3.7 and 3.8, and the resonant 
frequencies and associated modal damping ratio and natural frequency estimates are presented 
in table 3.3.
3.13.3 Platform
The perspex platform was formed from the intersection of five skeletal arms, with 
each arm being manufactured in a two-way double layer lattice construction. The dimensions 
of each lattice bay were those of a cube of side 0.2 metres and the external platform 
dimensions were 2.2 x 1.0 x 0.2 metres. All the members in the platform were of tubular cross- 
section with 3 mm external radius and 1 mm wall thickness.
The perspex platform, which had a mass of approximately 1.8 Kg, was suspended 
from ten of its member joints by means of light elastic supports and was oriented in a 
horizontal position.
The FRFs obtained from modal surveys in the out-of-plane, the in-plane (transverse), 
and the in-plane (longitudinal) directions are shown in figures 3.9, 3.10, and 3.11, respectively. 
Table 3.4 contains the values of the resonant frequencies extracted from these FRFs, as well 
as the associated modal damping ratios estimated from curve-fitted plots of the
resonances. Also shown are the corresponding natural frequencies of each mode, calculated 
using equation (3.4).
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3.13.4 Cluster
3.13.4.1 Transient Tests
The perspex cluster structure was fabricated to represent a reduced modelling of a 
proposed large skeletal structure which is described in section (4.18.3) of chapter four. Due to 
the relatively high stiffness of the reflector arrays in this LSS, the fundamental vibrational 
modes of the system would be expected to develop through deformation of the supporting 
platform’s arms. The modal behaviour developed by the platform of this perspex cluster was 
therefore of primary interest in this survey. Accordingly, the perspex dishes were manufactured 
with the intention that they accurately represent the distribution of mass associated with the 
reflector arrays in the proposed large skeletal system. A set of four dishes, with both a 
circumscribing diameter and a radius of curvature of 0.9 metres, was constructed and mounted 
at the perimeter of the platform. The remaining two smaller dishes had a radius of curvature 
and circumscribing diameter of 0.9 and 0.6 metres, respectively, and were placed centrally on 
the platform. All the dishes were similarly constructed in a three-way single layer skeletal grid 
configuration. Attachment of each dish was effected by mounting the dish on a thin perspex 
plate which in turn was joined to the platform. All the dish members were adhesively bonded 
at their ends and had a tubular cross-section with a 1 mm wall thickness and an external 
radius of 2.5 mm. The whole clustered configuration of platform and dishes is shown in figure 
3.12.
The cluster, which had a mass of approximately 4.58 Kg, was uniformly supported 
in an inverted position using light elastics from a total of 18 member joints on the platform 
as shown in figure 3.13. The additional flexible side restraints seen in this figure were provided 
to reduce the large amplitudes of the pendulum-type RBMs which were developed by the 
structure under test.
The platform was tested in all three global directions using a rubber-tipped impact 
hammer and a roving accelerometer. The excitation and response vectors were located at 
platform joints to minimize the contribution of local member modes in the response of the 
structure.
Figures 3.14 to 3.17 show typical FRFs obtained in the impact hammer modal 
surveys of the cluster platform. Table 3.5 summarizes the modal information extracted from 
the cluster platform in this transient survey. Inevitably, in these transient surveys some modal 
activity was developed by the perspex dishes at considerably lower frequencies (starting at 
approximately 7 Hz) than the fundamental frequencies of the cluster’s base. Although evidence 
of this can be seen in the figures, the corresponding modal frequencies have not been included 
in the accompanying table. The poor resolution and quality of the spectra in the figures casts 
doubt over the accuracy of the damping ratio estimates in the table, although they are 
nevertheless included for completeness.
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3.13.4.2 Cluster Sine-Dwell Tests
No additional allowances were made for these vibrator-based tests in the suspension 
system of the perspex cluster, and the vibrator was suspended in a like manner to the 
structure. The vibrator was rigidly attached to a trunnion mounting, and the whole suspended 
using lacing cords. Additional masses were placed on the assembly to increase its inertia and 
so maximize the transfer of energy into this substantial structure. The vibrator was attached 
to the platform base using an impedance head, as shown in figure 3.18, thereby allowing 
driving point FRF measurements to be made.
In general, a resolution of between 75 mHz and 150 mHz, and an integration time 
of between 50 mSec and 100 mSec for each of the five averages taken, was found to be 
sufficient to yield good quality FRFs with near-unity coherence functions as required of these 
tests. The FRFs and associated coherence functions obtained in the sine-dwell survey of the 
cluster platform are presented in figures 3.19 to 3.23. A list of the resonant frequencies, 
associated modal damping ratios, and corresponding natural frequencies is given in table 3.6. 
The FRF and coherence function plots, as well as the modal damping estimates from single 
DOF polynomial curve fits, were obtained using facilities provided on the suite of ENTER [13] 
modal analysis programs which was used to control the DSA in these surveys.
3.14 Composite Material Manufacture
The composite material is made from graphite fibre in a Poly (Ether Sulphone) 
thermoplastic matrix. The prepreg used contains high strength, low modulus fibres (T-300- 
3000 Toray Industries Inc. "Toraycal") and I.C.I. "Victrex" PES matrix material (compound 
grade 4800G). The composite tubes, of 25 mm outer diameter, 1.8 ± 0.5 mm wall thickness, and 
length of 955 mm, were manufactured from graphite fibre-PES prepreg using the film stacking 
process [14]. Each member was formed using five prepregs and twelve films of PES with a 
composite stacking sequence of 0790° prepregs interleaved with 1/2/3/3/2/1 layers of film. The 
composite was wrapped around a mandrel and the whole placed in one half of a 25 mm 
diameter split metal mould. The top half of the mould was placed in position, the assembly 
transferred to a press which had been preheated to 280°C, and a pressure of 4.15 GPa was 
applied over a period of two hours.
3.15 Composite Anisotropic Characterization
3.15.1 Sign Convention
The sign convention and the definition and ordering of material properties adopted 
in this study are given in appendix C. Also presented in this appendix is the stiffness matrix 
representation of each of the material descriptions assigned to the composite, as well as the 
relationships between the material constants and the stiffness matrix components for each
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relevant material characterization. The 1, 2, and 3 directions referred to in the appendix denote 
the longitudinal, hoop, and radial (through-the-thickness) directions in the composite tube.
3.15.2 Glass Reinforced Composite
The thermoplastic matrix in the composite allows an unfolding of the tubular 
section to obtain a laminar specimen which can then be strain gauged for testing. However, 
despite repeated attempts to do so, the brittleness of the graphite fibres reinforcing the 
composite, caused by their poor transverse strength, prevented this type of material being 
formed into flat coupon specimens. It was therefore necessary to manufacture a glass reinforced 
PES member with an identical layup to the graphite reinforced tube to allow a set of material 
values to be obtained. The glass fibres, being less brittle than graphite, allowed sections of the 
resulting tubular member to be formed into the required laminar coupon specimens.
The composite member, although reinforced predominantly uniaxially, contained 
fibres in its hoop direction and hence it was deemed to be an orthotropic^reinforced specimen. 
A total of twelve material values (not all independent) ideally have to be measured to 
determine the nine independent constants for the orthotropic stiffness matrix. A series of tests 
were performed on this glass composite to determine its material constants. These consisted 
of torsional tests on gauged lengths of the tubular member and tensile tests on sample coupons 
cut from these beams. It is assumed that the graphite composite, being manufactured 
identically, developed similar characteristics to the glass composite, and therefore the 
relationships established in this study are relevant to the graphite composite material.
3.15.3 M aterial Constants o f  Composite
It would not have been possible to obtain accurate estimates of certain material 
values, e.g. the modulus of elasticity in the hoop direction, E2, and the minor Poisson’s Ratio, 
v21, without resorting to the examination of representative coupon specimens. Attempts were 
made initially to calculate the E2 and v21 values from a strain-gauged tubular graphite 
composite specimen by subjecting it to a state of constant radial stress. This was induced by 
sealing its ends and internally pressurizing it with oil. However, sample end effects were found 
to introduce a measure of uncertainty as to the resulting state of stress within the composite. 
The measurements were not helped by the high stiffness of the composite which resulted in 
relatively small strains being induced in the member, which compounded the possible errors 
associated with their calculation. This illustrates that certain ideal stress states for determining 
the material values, as often proposed in literature, can be difficult to achieve under laboratory 
conditions.
In the process of film stacking tubular members in a split metal mould there is a 
possibility of the fibres being pinched at the joint between the two half moulds, and also a 
possibility of a rearrangement of the fibre directions at these locations. This has been 
demonstrated in the Department Of Civil Engineering by taking a thin specimen of a film
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stacked tube and exposing it in a straight transmission polariscope. The potential development 
of these local features in the composite tube reinforcement has resulted in difficulties being 
encountered in determining their material properties.
The possibility of obtaining the required values from specially manufactured plate 
specimens of the composite was also considered but it was found that an appreciably higher 
compaction efficiency was achieved with the flat presses than with the hollow mandrels during 
the forming of the samples, and this considerably altered the characteristics of the material.
Also, the process of opening out a glass composite tubular sample has been found 
to place the fibres at its opposite faces in tension and compression, respectively, resulting in 
the laminar coupons having a residual distribution of stress imposed through their thickness. 
However, it is considered that the effects of possible fibre buckling developed by this action are 
negated during the initial tensioning of the laminae in the coupon tests. Additionally, in cutting 
the tubular sections, the previously continuous hoop reinforcement is severed. The consequent 
effect on the material values is difficult to quantify, but it is considered likely that the values 
might differ from those in the original composite tube, especially for sections of large curvature. 
Interpretation of the results also had to include the effects of residual solvents, retained from 
the prepreg manufacturing process, and the effects of absorbed moisture on the properties of 
the thermoplastic matrix. An additional feature to be taken into consideration was whether the 
material values obtained from the static tests remained unchanged when the composite 
experienced dynamic loading. However, it was assumed that these two possible influences would 
not significantly affect its material properties within the frequency range a t which it would be 
excited.
3.15.4 Sample Preparation
3.15.4.1 Torsion Sample
The tubular members used in the torsion tests were prepared by drilling their ends 
to allow steel plugs to be inserted and bolted to the beams. These plugs were also adhesively 
bonded to the specimens to ensure a uniform transfer of load to the member. The beams, with 
a gauge length of 240 mm, were then instrumented and placed in a torsion jig and subjected 
to an incrementing torque load.
3.15.4.2 Coupon Sample
The coupon samples were prepared for tensile testing by cutting sections from the 
tubular members and opening them out under the application of combined temperature and 
pressure. The faces of the samples were sanded down to expose their outermost fibres and re­
coated with a layer of PES to produce flat surfaces for the attachment of strain gauges. Two 
types of coupon, either long or short, were prepared. The longer samples had nominal 
dimensions of 302 x 25.4 x 1.5 mm, and the tube’s axial fibres were aligned along the length
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of the specimen. The shorter coupons had a measurements of 71.3 x 25.4 x 1.5 mm, with the 
hoop reinforcement lying along their longest dimension. Two 8 mm strain gauges were bonded 
to the centre of each sample face, one each in the local longitudinal and transverse directions.
3.15.5 Sample Testing
3.15.5.1 Static Torsion Tests
Figure 3.24 shows the apparatus used in the glass composite torsion tests. The 
twisting strains induced in the tubular members during static torsion testing were measured 
for each torque increment and a value of G12 was obtained from a least squares fit of the linear 
relationship obtained between the applied torque and induced twisting strains. Each specimen 
tube was allowed to stand unloaded in the jig for a length of time greater than four times the 
loading period before the re-application of torque. This was to prevent the composite from 
exhibiting possible matrix residual creep effects in its measured response.
3.15.5.2 Static Tensile Coupon Tests
A photograph of the Instron machine used to load the coupon samples is shown in 
figure 3.25. The coupon specimens were placed under uniaxial static tensile loading in the 
assumption that the tensile and compressive material modulus values for the composite were 
equal. The corresponding strains were measured and used to calculate the relevant moduli of 
elasticity and Poisson’s ratios for the composite. It was not possible to obtain values for all 
twelve of the material constants in these tests, and therefore it was necessary to make 
assumptions as to the values they attained. This applied especially to constants associated with 
the through-the-thickness (radial) direction which, in the absence of a suitable testing 
technique, had to be estimated. A reasonable value for E3 was assumed as being that of the 
isotropic modulus of elasticity for neat PES, in view of the absence of reinforcement aligned 
in that direction. Whereas v13 and v23 were obtained experimentally, it was necessary to derive 
values for v31 and v32, the Poisson’s ratios corresponding to a straining in the out-of-plane (3) 
direction, from energy considerations using available material values inserted into equation 
(C.3) in appendix C. The required material values were supplied by the manufacturer of the 
PES matrix. Table 3.7 gives the values calculated and estimated for the twelve material 
constants of the glass reinforced PES composite, and also the test methods used to obtain them.
3.15.6 Modal Survey
The glass composite was 0.5 metres in length and its external and internal radii 
were measured as 12.5 and 11.0 mm, respectively. The mass density of the material was 
calculated as being 1589.1 Kg/M3. The member was suspended in a simulated unrestrained 
condition from its fundamental bending node points and its characteristic FRFs surveyed. It
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was found that the short length of composite required the use of the lightweight hammer with 
a hard steel tip attached to impart a sufficiently high frequency stimulus to excite the third 
bending mode pair in this structure. However, although detected in the FFT of the 
accelerometer response, this mode was not reproduced in the FRF representation due to the 
low levels of energy contained in the impact spectrum at such high frequencies. An FRF 
obtained in this survey is plotted in figure 3.26 and the frequencies for the fundamental, first, 
and second harmonic bending modes extracted from these spectra are given in table 3.8.
3.16 Composite Joint Descriptions
3.16.1 End Caps
The lower modes of sparsely configured skeletal structures, in which the ratio of 
external dimensions of the structure to the length of the members is small, are expected to 
involve considerable bending of their component fixed-ended members. In anticipation of this, 
it was necessary to ensure that the joints of members meeting at a node in the skeletal 
structures were sufficiently rigid, both to transfer the bending moments developed in the 
members and to facilitate accurate finite element (FE) modelling of the structures. Accordingly, 
a set of 100 mm diameter truncated hemispherical end caps were moulded at the required 
joints, with an additional intention being that these end caps would also model the mass and 
inertia of similar joints in LSS in general. The end caps were manufactured from epoxy resin 
matrix reinforced with randomly orientated chopped glass fibres.
3.16.2 Lapped Joints
The lapped joints examined in this study were used to effect a unidirectional 
jointing of component beams to form longer composite members. A 38 mm overlapping of the 
tubes was achieved by reducing one half of the thickness of one tube, whilst accommodating 
this lap by reaming out the corresponding thickness of the other tube to a close tolerance. A 
bond was formed in the resulting lap using a 15% PES solution in solvent. The resulting 
lapped joint had the benefits of being both rigid and of requiring no additional material to be 
used in its manufacture.
3.16.3 Crimp-Bonded Joints
As their name suggests, the crimp-bonded joints [14] were produced by the crimping 
and bonding of an Aluminium collar about the abutting members being joined, and were 
intended for similar applications to those of the lapped joints.
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3.17 Composite S tructures
3.17.1 Single Beam Transient Tests
The first of the structures examined was a tubular beam 0.955 metres in length, 
which constituted the elementary component of the proposed skeletal configuration. The high 
specific stiffness of the composite material caused a comparatively high frequency modal 
behaviour to be exhibited by the beam. This resulted in relatively small amplitudes of vibration 
being developed in response to the applied stimuli, and allowed the suspension of the beam 
from the nodes of its fundamental transverse bending mode pair using light elastics to 
sufficiently approximate the required unrestrained conditions in this structure.
The preliminary FE analysis indicated that its second harmonic bending mode pair 
would be developed at a frequency near 1 kHz, which necessitated the use of a maximum 
sampling interval of 500 pSecs to obtain a non-aliased representation of the mode. An 
accelerometer was mounted at a location slightly offset from the centre of the beam. This was 
to ensure the adequate portrayal of both symmetric and asymmetric modes in the spectrum.
Figure 3.27 shows the FRF obtained in the modal survey of this member and the 
resonant frequencies extracted are shown in table 3.8. A decomposition of the impact force and 
acceleration response waveforms used in the construction of figure 3.27 is included for reference 
in appendix D.
3.17.2 Lapped Beam Survey
The beam consisted of two composite members which were lap-jointed to form a 
length of 1.957 metres. It was suspended in a similar manner to the single member and a 
rubber-tipped hammer excitation in conjunction with a 500 pSec sampling interval was 
sufficient to extract all the bending modes of interest in this lapped beam. A plot of the FRF 
obtained in the modal survey is shown in figure 3.28, and the values of the resonances 
extracted are shown in table 3.8.
3.17.3 Lapped Beam with End Caps Survey
The beam was fabricated from the lap-jointing of two composite members to form 
a 1.872 metre length. Plugs were inserted into the ends of the hollow member around which 
glass/epoxy caps were moulded, and the centre-to-centre length of the resulting structure was 
2.0 metres. The behaviour of this structure was examined both to determine the contribution 
of the end caps to the modal performance of individual composite beams and to allow further 
refinement of the analytical model to be made.
Attachment points for both of the light elastic supports were located in the 
proximity of the end caps, in anticipation of the nodal points for the lower bending modes 
tending to gravitate towards these localized concentrations of mass. The relative difference of
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inertial properties of the beam and its attached end caps demanded that the structure was 
impacted at locations close to its end caps to ensure a sufficiently high spectrum of frequencies 
was excited in the structure. The concentration of inertia at the ends of the beam was further 
emphasized by the considerable amplitudes of vibration developed at the centre of the beam 
in response to the hammer impacts.
A typical FRF clearly showing the fundamental transverse bending mode and its 
two higher harmonics is plotted in figure 3.29 and the values of these resonances are presented 
in table 3.8.
3.17.4 Crimp-Bonded Beam with End Caps Survey
The characteristics of this structure were investigated to establish the influence of 
the crimp-bonded joint on the modal behaviour of individual beams. The beam was fabricated 
from the crimp-bonding of two abutting composite tubes. Plugs were inserted into the ends of 
the beam, around which end caps were subsequently moulded. The end cap centre-to-centre 
length for this structure was 2.0 metres.
The structure was suspended using light elastics from the node points of its 
fundamental bending mode, as shown in figure 3.30, and during the course of the survey it was 
observed to respond with large central beam deflections to the applied stimuli.
A plot of a representative FRF acquired in the survey is given in figure 3.31 and 
shows the first four transverse bending modes of the structure. The values of these resonances 
are contained in table 3.8.
3.17.5 Composite Triangle Survey
An equilateral triangle was constructed from 2.0 metre long composite members with 
lapped joints at their centres. The end of the members were joined using moulded end caps 
which formed the vertices of the triangle, as shown in figure 3.32. This two-dimensional 
structure was examined because of its presence in three-way skeletal systems and it also 
presented the opportunity for examining in-plane and out-of-plane modes in isolation. The 
structure was suspended in a simulated unrestrained condition, using light elastics situated 
near its vertices, and was found to develop large amplitudes of both in-plane and out-of-plane 
vibrations in the ensuing modal survey.
Figures 3.33 and 3.34 are representative of the FRFs obtained in the out-of-plane 
and in-plane directions, respectively, in these tests. A listing of the resonances detected in these 
spectra is given in table 3.8.
3.17.6 Pyram idal Structure Survey
Composite members, 2.0 metres in length and lap-jointed at their centres, were used 
to construct a triangular-based equilateral pyramid for examination. The ends of these members
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were joined with moulded end caps which formed the vertices of the structure. The pyramidal 
configuration was chosen for examination in view of its relevance as the primary repetitive unit 
in three-way double layer grid systems. It was also selected because of its suitability for the 
study of the composite material in a three-dimensional system. The pyramid was supported for 
testing in an inverted position from three of its vertices using a combination of lacing cords 
and steel springs in series. The rigidity developed by the structure’s configuration resulted in 
little difficulty being encountered in applying impact loadings during the modal survey tests.
The high level of coupling between planes in this structure allowed all of its lower 
modes to have a representation in a single FRF; a typical example of which is plotted in figure 
3.35. A listing of the resonances extracted is given in table 3.8.
3.17.7 Three-Way Double Layer Structure Survey
An assembly of twenty one composite members, joined at nine nodes and forming 
a three-way double layer grid system, was constructed for examination. Each member was 1.0 
metres long and, as in previous structures, the nine vertices were formed using moulded end 
caps. This configuration was chosen to be a representative sub-structure of the proposed Le 
Ricolais-type LSS platform and antenna systems. An approximation of unrestrained boundary 
conditions was achieved by supporting the structure from three of its vertices using lacing cords 
and springs in series, in a manner similar to that shown in figure 3.36.
Figure 3.37 shows a representative FRF obtained in the series of modal surveys 
performed on this structure, and the values of the resonances extracted are given in table 3.8.
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3.19 Tables of Modal Survey Results
Table 3.1: Setup Variables for Transient Modal Surveys
Figure No. Hammer Tip Sample Interval Range to Resolution
3.2 to 3.6 lightweight 500 |lSec 1.0 KHz 0.49 Hz
3 .7 and 3.8 soft 1 mSec 500 Hz 0.24 Hz
3.9 to 3.11 soft 1 mSec 500 Hz 0.24 Hz
3.14, 3.16 soft 2 mSec 250 Hz 0.12 Hz
3.15, 3.17 soft 1 mSec 500 Hz 0.24 Hz
3.26 lightweight 200 \iSec 2.5 KHz 1.22 Hz
3.27 hard 200 flSec 2.5 KHz 1.22 Hz
3.28 soft 500 JlSec 1.0 KHz 0.49 Hz
3.29 soft 2 mSec 250 Hz 0.12 Hz
3.31 soft 1 mSec 500 Hz 0.24 Hz
3.33, 3.34 soft 1 mSec 500 Hz 0.24 Hz
3.35 medium 1 mSec 500 Hz 0.24 Hz
3.37 soft 1 mSec 500 Hz 0.24 Hz
Table 3.2: Transient Modal Survey of Perspex Cube
Resonant Freq. (Hz) 49.80 50.58 108.4 117.6 126.9 128.9
Damping Ratio (%) 2.43 2.59 1.81 1.96 1.87 1.87
Natural Freq. (Hz) 49.83 50.61 108.4 117.6 126.9 129.0
Table 3.3: Transient Modal Survey of Perspex Arm
Resonant Freq. (Hz) 46.63 48.34 62.30 70.10 79.59
Damping Ratio (%) 2.00 2.03 2.13 1.65 2.00
Natural Freq. (Hz) 46.65 48.36 62.33 70.12 79.62
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Table 3.4: Transient Modal Survey of Perspex Platform
Resonant Freq. (Hz) 23.68 44.07 52.98 61.28 67.57
Damping Ratio (%) 2.60 2.22 3.20 3.25 2.00
Natural Freq. (Hz) 23.70 44.09 53.03 61.34 67.60
Table 3.5: Transient Modal Survey of Cluster Platform
Resonant Freq - (Hz) 11.84 22.58 34.42 36.38 40.52
Damping Ratio (%) 2.29 2.35 2.49 1.99 2.80
Natural Freq. (Hz) 11.85 22.59 34.44 36.39 40.55
Table 3.6: Sine-Dwell Modal Survey of Cluster Platform
Resonant Freq (Hz) 11.30 22.49 34.85 36.82 40.18
Damping Ratio (%) 2.66 3.28 4.12 3.00 3.23
Natural Freq. (Hz) 11.31 22.52 34.91 36.85 40.22
Table 3.7: Material Constants for Glass Reinforced PES Composite
Description Value Test Method No. Samples
E1 27.0 GN/M2 Long Coupon 6
E2 6.73 GN/M2 Short Coupon 3
E3 2.60 GN/M2 Neat PES Assumed
G12 2.98 GN/M2 Torsion Tests 3
G23 0.916 GN/M2 Neat PES Assumed
G31 0.916 GN/M2 Neat PES Assumed
V12 0.196 Long Coupon 6
V13 0.420 Neat PES As siimed
V21 0.040 Short Coupon 3
V23 0.420 Neat PES Assumed
V31 0.040 Neat PES Derived1
V32 0.162 . Neat PES Derived1
1 Derived using equation (C.2) in appendix C.
Table 3.8: Transient Modal Survey
of Composite Structures
Structure Frequencies
Section No. Detected (Hz)
3.15.6 474.8 1206 2080
3.17.1 202.15 534.70 943.60
3.17.2 49.80 138.70 262.20 421.80
3.17.3 22.34 81.05 169.40
3.17.4 20.90 82.03 159.30 282.22
3.17.5 22.20 25.15 29.05 48.50 84.70 85.0
3.17.6 29.80 30.52 31.00 49.56 50.00
3.17.7 99.12 99.60 102.50 103.90 104.40
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Figure 3.1: Modal Survey Apparatus
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Figure 3.2: Perspex Cube FRF: Global Mode
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Figure 3.3: Perspex Cube FRF: Global Mode
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Figure 3.4: Perspex Cube FRF: Local Mode
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Figure 3.5: Perspex Cube FRF: Local Modes
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Figure 3.6: Perspex Cube FRF: Local Mode
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Figure 3.7: Perspex Arm FRF: Global Modes
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Figure 3.8: Perspex Arm FRF: Global Modes
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Figure 3.9: Perspex Platform FRF in Out-of-Plane Direction
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Figure 3.10: Perspex Platform FRF in In-Plane (Transverse) Direction
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Figure 3.11: Perspex Platform FRF in In-Plane (Longitudinal) Direction
Figure 3.12: Perspex Cluster Configuration
Figure 3.13: Unrestrained Suspension for Perspex Cluster. 68
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Figure 3.18: Vibrator Attachment to Cluster Platform Joint
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Figure 3.19: Sine Dwell FRF for Cluster: Mode 7
© ©
cs
8 O U 0 j g q o Q
u
O J
05
OJT3O
S
u0)
w3
o
u
cS
«fe
«
£
Q
05c
co
<N
CO
a>
g>
CS
0 O U 8  J  8 L J Q 3 M
Xo
o '<Sin
«+s
CO
CO
<N
CO
^T<S
• O J  
CS
8 0 U 8 J  s q o n IS8 O U 0 J 9 L j O 3  s ’ 
1 I I I I—K
oH3o
§
i-"
0)
wS3
o
u 
c2
fo
05fa
rS
£
Q
a>
C
CO
<N
<N
CO
ifa
71
Figure 3.24: Jig for Composite Beam Torsion Tests
Figure 3.25: Instron Testing Apparatus
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Figure 3.30: Unrestrained Suspension System for Crimp-Bonded Beam with End Caps
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Figure 3.31: Crimp-Bonded Beam with End Caps FRF
Figure 3.32: Composite Triangle With End Cap Apices
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Figure 3.33: Out-of-Plane FRF of Triangle With End Cap Apices
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Figure 3.35: Representative FRF of Pyramid with End Cap Apices
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Figure 3.36: Unrestrained Suspension System for Three-Way Double Layer Grid Structure
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Figure 3.37: Representative FRF of Three-Way Double Layer Grid Structure
Chapter 4 Computational Analyses
4.1 Introduction
The development of FE models that accurately describe the dynamic behaviour of 
the structures under investigation has been essential to the successful implementation of the 
associated experimental modal surveys. Of primary importance in the initial, preliminary 
formulation of these models is their capability of yielding mode shapes that are consistent with 
those developed by the actual structure. Accordingly, although every effort has been made at 
this stage to describe the structure as accurately as possible, particular emphasis has been 
placed during the development of the preliminary models on the accurate representation of each 
structure’s distribution of stiffness and mass.
Whereas faithful reproduction of mode shapes is demanded of the preliminary 
modelling, the subsequent, more refined description is additionally expected to yield accurate 
estimates for the structure’s natural frequencies. In this respect, the presence of the roving 
accelerometer may have an appreciable influence on the dynamic behaviour of lightweight 
structures under modal survey conditions. However, the optimum location for the accelerometer 
cannot be determined a priori and must be chosen with reference to the predicted mode shapes 
developed by the FE model. The revised and updated description therefore takes into account 
both the additional observations that have been made during the modal surveys and, if 
necessary, the effects of the accelerometer mass on the structure. No allowances have been 
made for the suspension systems adopted for the surveys, as these are assumed to have 
allowed the structures to attain ideal unrestrained conditions.
The first part of this chapter contains a description of the frequency extraction 
procedures implemented by the ABAQUS and LUSAS FE packages. Following this, the general 
matrix equations governing the modal behaviour of structures are defined. Although not 
explicitly utilized, a description of the mode superposition method, and its applications in 
minimum mass designs for structures, is included at this stage. The formulation of the elements 
used to model the structures - of great importance to the accuracy of the analyses - are next 
outlined in this section. This is followed by a discussion on the methodology applied to the 
construction of the FE models. A description of the integration operator used by ABAQUS in 
its direct dynamic analyses, and of the program’s solution strategy, completes the first part of 
the chapter.
The second section consists of a description of the FE models constructed to describe 
the perspex and the composite structures. Both the graphical output obtained from their 
analyses and a tabulation of the analytical results are contained at the end of this section. 
Unless stated otherwise, percentage values, where given, are calculated with respect to the 
updated modelling of the structure. The first six mode positions in these tables are reserved 
for the rigid body modes (RBMs) of the unrestrained structures, with the higher positions 
containing their vibrational modes. Additional information relevant to the generation and 
analysis of each of the models, including the types and numbers of elements assigned and the
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maximum element degree-of-freedom (DOF) frontwidth encountered in their analyses, is listed 
in table 4.1.
4J2 Finite Element Packages
The efficiency of a FE package can be gauged from an examination of the 
formulation of its elements and the solution strategies it has adopted. Indeed, the accuracy and 
costs of the ensuing analyses can be particularly sensitive to the FE package chosen for the 
analysis. Version 4.5 of the ABAQUS package [1], mounted at Manchester Computing Centre 
(MCC), was used to perform the unrestrained or "free-free" frequency extraction and time 
domain analyses in this study. The selection of the ABAQUS program was based on the 
sophistication of its library of elements, its efficient solution strategies, its large job size 
handling capabilities, and its facilities for analyzing unrestrained systems. Versions of the 
LUSAS package [2], mounted at both the University of Surrey and at the University of London 
Computing Centre (ULCC), were used where necessary to confirm the results of the ABAQUS 
analyses.
4.2.1 ABAQUS Frequency Extraction Procedure
The equations for the generalized eigenproblem may be written in matrix form as
[3]:
[K] [4>] = M [M] [O] - 4.1
where [K] and [M] are the sparsely populated global stiffness and mass 
matrices for the assemblage of elements,
and {<&}j and ^  are the unknown free, i.e. unforced, vibration modes and 
frequencies, respectively.
Usually only a few natural frequencies and modes of the structural system are 
required and therefore ABAQUS, in common with LUSAS, has implemented the subspace 
iteration technique [4]. This transforms the description of the eigenproblem into the space 
occupied by its lowest few eigenpairs to reduce the size of the problem to more manageable 
proportions prior to solution. Hence the generalized eigenproblem becomes:
[K’] [+] = [X] [M’] [<|>] - 4.2
where [K*] and [M*] are the reduced stiffness and mass matrices, 
respectively, of the structure.
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The optimum method for solution of equation (4.2) depends on a number of factors 
including the size, symmetry, and positive definiteness of the equations, and the number of 
eigenvalues required. In many instances the problem is tackled by reducing equation (4.2) to 
its standard form:
[A] [<i>] = [X] [+] - 4.3
for which many efficient solution strategies exist. Additionally, the symmetry 
of matrices produced in structural analyses increases the number of techniques that can be 
applied in their solution.
The reduction of [M’l from its generalized to its standard representation is achieved 
in ABAQUS firstly by a Choleski decomposition into its lower triangular form:
tari = [L] [L]T - 4.4
The Choleski decomposition is a process that requires the matrix [M*] to be 
positive definite.
The matrix [A] is then constructed as follows:
[A] = [L]1 [K’] [L]Tl - 4.5
where the matrix [A] in this form is sometimes referred [5] to as the inverse 
dynamical matrix.
ABAQUS has next selected the Householder orthogonal reduction of [A] to 
tridiagonal form, [T], followed by iterative application of the Quarter Rotation (QR) [6]
procedure, to extract all the eigenpairs of the matrix [A]. It has been found that the
unmodified version of the Householder method has been implemented and therefore cannot be 
applied to systems containing singular mass matrices.
The QR procedure consists of the decomposition of the tridiagonal matrix [T] as
follows:
[T]N = [Q]N [R]N - 4.6
where [Q] is an orthogonal matrix,
[R] is an upper triangular matrix, 
and the superscript N denotes the iteration number.
This is followed by the reconstruction of [T] using the relationship:
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[T]N+1 = [R]N [Q]N - 4.7
On iteration, the diagonal elements of [T]N tend to the eigenvalues in ascending 
order, and will be real and non-negative for structural systems. After convergence, the ABAQUS 
package economically recovers the corresponding eigenvectors of the system using the inverse 
power method.
A numerical shift has been incorporated into the QR procedure to prevent ill- 
conditioning of the matrices due to the absence of external restraints on the model. The base 
of the calculations is thus moved away from the origin, and hence this shift can be used to 
extract all the eigenvalues about a particular frequency of interest. The convergence of the QR 
procedure is related to the inverse iteration technique in which convergence of the results is 
related to the proximity of the base of the calculations to the values being extracted. Advantage 
of this feature is taken by ABAQUS, and the numerical shifting facility is implemented 
internally to increase its convergence rates. The Householder and QR combination used by 
ABAQUS has been shown to be very efficient in the dedicated extraction of all the eigenvalues 
from the small systems of equations presented by the subspace iteration technique.
4.2.2 LUSAS Frequency Extraction Procedure
In contrast to the ABAQUS package, the LUSAS program calculates the eigenpairs 
of the subspace by iterative solution of the eigenproblem in its generalized form (equation 4.1). 
Although a numerical shifting facility has been included in the procedures to allow it to extract 
frequencies from unrestrained structures, it has been found in practice that this acts solely as 
a matrix conditioning agent, and hence the windowing attributes associated with the ABAQUS 
implementation are not available in this method. It should be noted that the sub-structuring 
techniques reviewed in chapter two were not implemented in either of the versions of ABAQUS 
or LUSAS used in these analyses.
4.3 Modal Equations
Pre-multiplication of the generalized eigenproblem (equation 4.1) by the transpose 
of the eigenvector matrix yields its canonical form:
[KJ = m  [Mo] - 4.8
where:
[Ko] = W T [K] [<|>] - 4.9
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and:
[Mg] = [<|>]T [M] [«|>] - 4.10
are the generalized or principal stiffness and mass matrices of the structure, 
respectively.
Equation (4.8) is uncoupled, with both [Kg] and [MG] containing diagonal entries 
only. Each mode {<J>} j represents a set of relative amplitudes and hence can be adjusted to 
make the generalized mass, [Mg];, for each mode have a preselected value. This normalization 
of the modes with respect to the mass matrix is a procedure that is often performed for 
mathematical convenience.
The free, i.e. unforced, vibration of each mode can therefore be expressed in this 
basis as the following single DOF system:
[KG]i {#, = [A.], [Mg], (0, - 4.11
where the subscript i denotes the variable associated with each mode.
The eigenvalues obtained in frequency extractions from structural systems will 
always be real and non-negative, and each corresponding eigenvector is arbitrarily scaled by 
ABAQUS so that its maximum attains a value of unity. The relative value of the generalized 
mass for each mode, obtained using equation (4.10), can be used to evaluate the degree of 
participation of that mode in the behaviour of the structure, and hence provide a measure of 
the completeness of the set of modes extracted in the analysis. It should be noted that no 
correspondence exists between the ordering of the development of modes and the values of their 
generalized masses.
4.4 Mode Superposition M ethod
The response of a linear structure under load can be described in canonical form, 
using the mode superposition method, in terms of the individual contributions from each of its 
modes. An advantage of the mode superposition technique is that a description of the material 
properties of the structure is not required, this information being implicitly contained in the 
modal parameters determined in the experimental tests. Hence, a mode superposition analysis 
which uses experimentally obtained modal data can be considered a viable alternative to the 
FEM. An outline of the mode superposition method is next presented to illustrate the inter­
relationship between the cartesian and modal descriptions of structural behaviour.
The equilibrium equations governing an undamped multi-DOF linear system can be 
written in matrix form as [7], [8]:
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[M] [ii] + [K] {u} = {F} - 4.12
where {u} is the vector of deflections for the system,
{F} = {F(t)J is a vector of externally applied loads, 
and [M] and [K] are as defined in equation (4.1).
Equation (4.12) may be transformed into an energy equation by writing the 
coordinate vector {u} as a function of the matrix of mode shapes*
[u] = [<(.] {q} -4.13
where {ql is the vector of generalized coordinates.
Hence:
[M] £<{>] [q] + [K] [+]. {q} = {F} - 4.14
Pre-multiplying each term of equation (4.14) by [<|>]T and utilizing the relationships 
in equations (4.9) and (4.10) yields:
[Mg] [q] + [Kg] [q] = [P] - 4.15
where {P} = [<j>]T {F} is the vector of modal generalized forces.
The above equations of motion are uncoupled by this transformation and hence the 
contribution of each mode can be evaluated separately. Isolating the contribution of mode i:
[Mg], [q] + [Kg], [q] = [P], - 4.16
Therefore, from equation (4.8):
(P}.
{q}, + [X], lq}, = ------  - 4.17
[Mg],
The solution to the above undamped equation of motion of a single DOF system, 
whose circular frequency, ©5, is given by takes the form:
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q* = A* Cos (a\t) + Bi Sin (c t^) + (qj)p - 4.18
where Aj, B; are arbitrary constants, 
and ((&),, is a particular solution.
The solutions are superimposed to find the total response of the structure, hence:
{q} = {A} Cos (cot) + {B} Sin (cot) + (q)p - 4.19
which is then back-transformed using equation (4.13).
Keferring to equation (4.10), it is seen that arbitrarily scaling each mode, {<J>}j, does
not affect the modal deflections produced by the structure.
From equation (4.17) the maximum deflections developed by mode i under load will
be [51:
2 p,
qim.x = -------------------------  - 4.20
\  • M G1
which is twice the maximum deflection developed under the same load 
applied dynamically.
It is seen that to minimize q imax for a given modal loading, it is necessaiy to 
maximize the denominator on the right hand side of equation (4.20). Increasing the 
denominator, which contains the two scalar parameters uniquely characterizing the modes, can 
be achieved in either of two distinct ways. Maximizing a mode’s generalized masses invariably 
involves increasing its static mass, and therefore is not suitable for LSS configurations, 
although this approach appears to have found application in some masonry bridge designs. 
Alternatively, the modal response of the structure can be inhibited by maximizing the natural 
frequencies of its modes. This is a process that is achieved in practice by ensuring that the 
generalized stiffness and mass is at a maximum and minimum, respectively, for each mode. 
Although measures to increase the frequency can also result in an increased generalized mass, 
maximizing the systems frequencies usually yields, for a given stiffness, a minimum mass 
design for the structure. It is also seen that excitation of a modal response is avoided if the 
external loading, expressed in normal coordinates, is zero for that mode.
4.5 ABAQUS Element Formulations
The formulation of the elements chosen to model a structure determines the 
accuracy of the analyses to a very great extent. Elements embodying the desirable attributes
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for frequency extractions, as reviewed in chapter two, were therefore selected from the 
ABAQUS library for the development of the models in this study. The suite of elements, whose 
compatibility is assured in the ABAQUS package, was also chosen with the view that they 
would be equally applicable to the analysis of both the physical structures surveyed 
experimentally and of the behaviour of the LSS in the succeeding parametric investigations.
4.5.1 Beam  Elem ent
The basic formulation of this element is the simplified Cosserat beam theory of 
Dupuis [9]. This beam was specifically selected because it possesses transverse shear deflection 
modelling capabilities, and rotary inertia terms are included in the formulation of its mass 
matrix. The two node, linear form of this element, designated "B31", was chosen in preference 
to the three node, quadratic version provided in the package, with the intention being that the 
linear element would be more suitable for mesh generation and element frontal optimization. 
The selection of the linear element was also based on the consideration that the additional mid­
element nodes associated with the use of the higher order beam element in the LSS modes 
would substantially increase the size of their description, while not contributing significantly 
to the modal behaviour of these systems. The mass distribution for this linear element is 
lumped at each node, because numerical tests performed by Hibbitt, Karlsson and Sorensen, 
Inc have shown that this gives more accurate eigenvalues for a given mesh. A facility for 
invoking a consistent mass formulation for the element, as found in other FE packages, is not 
provided in ABAQUS. Therefore, it was not possible to undertake a study into the effects of 
this feature on the results of the analyses. Nevertheless, extensive use of the B31 element 
throughout the investigation has shown it to be highly accurate in the mesh densities in which 
it was used.
4.5.2 B a r Elem ent
The pin-ended bar or truss members encountered in the analyses were modelled 
using two node, linear interpolation "C1D2" ABAQUS truss elements. A lumped mass 
formulation is provided for this one dimensional, constant axial strain element which, like the 
beam element, was chosen in preference to the available quadratic truss element because of 
its suitability for LSS member modelling.
4.5.3 Shell E lem ent
Thin shell elements find application in modelling continua where the ratio of the 
smallest dimension to the next largest dimension exceeds 1:15 [10]. Of the many types of thin 
shell element provided by ABAQUS, two have been found suitable, and both have been used 
in the continuum analogy modelling of reflector dish and solar array systems. The first kind 
of element is formulated as a doubly curved shell with transverse shear deflection modelling
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capabilities, and is of the reduced integration, penalty method (RIP) type [6]. Two orders of this 
element are available in the form of a four node linear element and an eight node quadratic 
element. These are designated in ABAQUS as "S4R" and "S8R", respectively. Assemblies of the 
S4R element, which uses one Gauss point in its constitutive calculations, was found to contain 
one zero-energy mode of deformation in situations where its nodes are free to rotate 
sympathetically. Although the development of the S4R inextensional modes did not affect the 
accuracy of the FE analyses, these modes were removed by either adequately prescribing the 
rotation of the S4R element nodes, or by replacing them with the higher order S8R elements. 
In general, it was found that assigning S4R elements instead of S8R elements in models did 
not detract from the accuracy of the analyses because of the relative ease in increasing the 
density of these elements where necessary. The second type of suitable shell element in 
ABAQUS is the three node "STRI3" facet shell element. This has a plate formulation and lacks 
transverse shear deflection modelling capabilities. Its use was found necessary because a three 
node element of a similar formulation to the previously described class of shells was not 
available in the ABAQUS library. The absence of shear modelling in this element resulted in 
it having an undesired stiffening effect on element meshes principally composed of the more 
flexible S4R and S8R elements, and so it was used sparingly in the analyses.
4.6 LUSAS Element Formulations
In many instances the LUSAS package was used because of its distinct element 
formulations. This was especially so in the case of its family of three and four node thin shell 
elements, which are based on classical thin shell theory [2], and which allowed an estimate of 
the contribution of shear deflection effects to be made in corresponding ABAQUS analyses. The 
absence of a family of classical thin shell elements in ABAQUS is considered a limitation of 
this package, although it is appreciated that the inclusion of existing elements in its library 
is based on considerations of accuracy rather than of completeness.
4.7 Element Mesh Density
As mentioned in chapter two, it is generally recommended [11] that the minimum 
number of elements necessary to model a beam-type structure in frequency extractions can be 
estimated as the number of vibrational modes being extracted multiplied by a factor of ten. It 
is best that these elements are placed along the expected paths of development of the modes 
to ensure their adequate reproduction. Utilizing the duality of the time and frequency domains, 
it is also possible to determine, using this empirical rule, the mesh densities required to 
sufficiently model a structure in both static and direct integration dynamic analyses. It should 
be noted that such a calculation would also be expected to take into account the vectorial and 
spectral characteristics of the applied loading. The above guideline has been used in 
determining a suitable mesh density for all the models generated, and checks have indicated 
that the meshes have given converged solutions in the analyses. It has been observed during
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this study that, in contrast to the discretization of continua, the optimum element DOF 
frontwidth for skeletal systems does not increase with mesh refinement. Hence, considerations 
of DOF frontwidths have not placed limiting constraints on the number of elements assigned 
to the skeletal models in this study.
4.8 Mass Distribution
The results from frequency extractions have been found to be quite sensitive to the 
modelling of the distribution of mass in the structure, a phenomenon that has also been 
observed by Bertram and Conrad [12]. Consequently, particular attention has been paid to this 
property when developing the FE representation of the structures.
4.9 D ata Processing
A comprehensive suite of programs was developed to facilitate both pre- and post­
processing of the FE data. These programs were developed primarily to allow optimization of 
the data prior to submission to ABAQUS for solution. They were also necessary to manage 
efficiently the large data files associated with these skeletal and continuum models. The 
purpose of each program was either to generate, check, or optimize the input data before 
analysis, or to extract and facilitate interpretation of the results contained in the output files. 
All the programs were written in FORTRAN 77 on the PRIME computer system at the 
University of Surrey.
4.10 Direct Integration Dynamic Analyses
Direct numerical integration schemes assume a variation of displacements, velocities, 
and accelerations within a time interval, 8t. These assumptions are used in the solution of an 
equilibrium equation at discrete time intervals, St, apart to obtain the unknown variables of 
the system. The ABAQUS package employs the Hilber-Hughes-Taylor implicit scheme [13] for 
direct time integration in its dynamic analyses. The change in variables assumed by this 
scheme to occur within each time step, St, is similar to that in the average acceleration form 
of the Newmark implicit method, described below, which finds extensive use in practice. One 
of the Newmark operator features is that amplitude decay effects are not exhibited in the 
analyses, with integration errors introducing only period elongations in the calculated responses. 
Although both schemes differ in the equilibrium equation satisfied at each time step [6], the 
Hilber-Hughes-Taylor scheme can be regarded a development of the Newmark method because 
the accuracy, stability, and cost of a solution procedure is related to the assumed changes of 
the variables within each time step in the problem [3].
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The Hilber-Taylor-Hughes scheme is controlled by a single parameter, a, which 
allows a controlled amount of numerical damping to be introduced into the solution. At each 
increment, both a balance of the forces and a weighted average of the static forces at the 
beginning and end of the time step are solved for the system’s accelerations. Following this, 
the required system velocities and displacements are obtained using the following respective 
Newmark integration formulae:
U(t+At) = U (t) + At[(l- y)U(t) + YU(t+4t)] - 4.21
and:
U(t+at) = U(t) + AtU(t) + At2[('A- p)U(t) + PU(U41)] - 4.22
with the CX parameter being related to the Newmark |3 and J  as follows:
p = y4(l -a)2 - 4.23
y = % - a  - 4.24
and:
-1/3 < a  < 0 ' - 4.25
Setting a  to 0 results in no numerical damping, and the integration scheme 
degenerates into the trapezoidal rule. Conversely, allowing a  to equal -1/3 results in significant 
numerical damping of the calculated structural dynamic response.
4.11 Solution Strategies
Both the ABAQUS and LUSAS packages have implemented the element frontal 
solution method [14] to solve the systems of simultaneous equations presented in the analyses. 
A benefit of the frontal solution technique is that at any time only the DOF of the active 
elements are included in the system of equations being solved. This results in a more 
economical use of the computer’s memory core by the package, with an ensuing reduction in 
the cost of the analyses.
A definitive method does not exist for reordering the elements to minimize the 
maximum DOF frontwidth encountered in a model. A number of suitable algorithms exist and 
in this respect LUSAS has provided more comprehensive wavefront re-ordering facilities than 
ABAQUS. The LUSAS package provides a number of strategies, including two alternative 
internal element reordering schemes, to facilitate economical solution of the analyses. The
88
ABAQUS package, on the other hand, does not internally optimize the wavefront prior to 
solution, possibly because of the absence of built-in limits on storage in this package.
Consequently, both the skeletal and continuum models analyzed in this study were 
generated locally and optimized using an element renumbering algorithm [15], which has been 
found to be most effective in furnishing optimum element solution sequences for all the FE 
configurations examined.
SECTION TWO: DEVELOPMENT AND ANALYSIS OF FE MODELS
4.12 Foreword
The following analyses required particular attention to be paid to the accurate 
specification of each structure’s geometric and material characteristics. To facilitate this, it was 
necessary to develop a dedicated mesh generation program for each family of structure 
analyzed. This was to allow the local preparation of data, thereby minimizing the possibility 
of costly errors being made during their remote generation. Whereas this approach did not pose 
problems for sparse meshes, the size of the data files associated with the increasingly complex 
structures created difficulties both in their generation and manipulation. Indeed, the following 
large skeletal systems were found to stretch the capabilities of both LUSAS and ABAQUS and 
the efficient handling of large data files therefore became vital to the successful analysis of 
these structures.
With regard to the suitability of the FE packages, the use of the existing frontal 
solution technique in the LUSAS eigenvalue extraction strategy, as opposed to a more dedicated 
procedure, was found to lead to disappointing convergence rates in its analyses. This, coupled 
with its limited problem size and restricted suite of elements, led to the infrequent use of the 
package for the study of these structures.
Similarly, although found to be an advanced and elegant program, the absence of 
certain features was found to limit the capabilities of the ABAQUS version used in these 
analyses. Foremost among the unavailable features was an element wavefront optimizer. This 
was possibly omitted because of the previously mentioned in-built large file-handling capabilities 
of this version. Consequently, while the package readily analyzed the unoptimized models as 
presented, the associated costs were not acceptable. It was therefore necessary to substantially 
enhance the capabilities of an existing algorithm to allow the wavefront optimization of each 
mesh prior to its submission to ABAQUS. The wavefront optimization of the meshes was found 
to significantly enhance the numerical conditioning of the problems, and has resulted in a 
considerable reduction in the large CPU times and costs of each analysis.
Recently, version 4.7 of ABAQUS has become available and this represents a 
significant upgrade on version 4.5, which was used in these analyses. The availability of 
wavefront optimization, model sub-structuring, and mode superposition capabilities in version
4.7 will greatly facilitate the dynamic and modal analysis of large space structures, However,
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the following results show that, despite the limitations of version 4.5, careful manipulation of 
the data succeeded in achieving the economical analysis of very large skeletal structures.
4.13 Perspex M aterial
Isotropic perspex material has been found to have a modulus of elasticity which is 
dependent on the frequency at which it is being stressed. The material values for this plastic 
were therefore calculated to represent its behaviour in the 0 to 100 Hz range of the perspex 
structure’s lower modes of vibration. A value of 4.5 GN/M2 for its modulus of elasticity, E, and 
1.68 GN/M2 for its shear modulus, G, were therefore determined from published modulus- 
frequency relationships [16] for the material. The mass density of perspex was measured as 
1192.38 Kg/M3.
4.14 Perspex  Models
4.14.1 Cube Model
The relatively few members in the configuration, coupled with its small dimensions, 
demanded that close attention be paid to all macroscopic features in the FE modelling of the 
perspex cube. Consequently, the cylindrical joints at the vertices of the structure were modelled 
using an available 27 node ABAQUS solid element. Each skeletal member in the structure was 
discretized using ten beam elements of equal length and this mesh allowed the model to 
accurately adopt the deflected shapes of the structure’s lowest modes. The distribution of nodes 
and beam elements assigned to the model is shown in figure 4.1. A preliminary natural 
frequency extraction was performed on the above model and the resulting mode shapes were 
used for reference in the associated experimental modal survey of the cube. Although the 
frequencies detected in the survey were found to tally with analytical predictions, it was 
considered that the accuracy of the model, especially in its reproduction of the structure’s global 
modes, would benefit from the inclusion of the accelerometer mass in its description. The 
succeeding and more refined description for the cube modelled the presence of the accelerometer 
as a 4.22 gramme lumped mass, which was located for one particular survey at a vertex of the 
cube. Figures 4.2 to 4.8 show the first seven vibrational modes developed by this refined model, 
with the natural frequencies extracted from both the preliminary and updated models being 
given in table 4.2.
4.14.2 Arm  Model
A total of four beam elements of equal length were assigned to each member in the 
FE model of the perspex arm; this level of discretization being deemed sufficient to accurately 
model the lower global mode shapes developed in the structure. The perspex joints were 
considered to have a much reduced influence on the global modes developed by the arm, in
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comparison to that exerted by the joints of the perspex cube, and so were not explicitly 
modelled. The resulting distribution of nodes and beam elements in the FE assemblage is 
shown in figure 4.9.
The experimental modal survey, performed with reference to the predicted mode 
shapes, was found to correlate well with the analytical predictions. In view of the very 
acceptable agreement achieved, a more refined analysis was not considered necessary in this 
instance. This decision also took into account the opinion that the accelerometer mounted on 
the structural joints of the arm had a negligible influence on its modal behaviour. However, 
the opportunity was taken at this time to perform a comparable frequency extraction using the 
LUSAS package, and the frequencies and mode shapes obtained using an identical mesh 
distribution were found to be in exact agreement with the ABAQUS results. The frequencies 
and mode shapes obtained using both packages are presented in table 4.3, and the first six 
vibrational modes developed by the ABAQUS model are plotted in figures 4.10 to 4.15.
4.14.3 Platform Model
4.14.3.1 Frequency Extractions
The perspex platform, like its sub-component arm, was constructed to allow its 
global modes of vibration to be investigated. Each of its 416 members was therefore 
characterized using four ABAQUS beam elements of equal length to model the global behaviour 
of the structure accurately. The accelerometer mass and the presence of the perspex joints in 
the structure was not modelled in this analysis. Figure 4.16 shows the distribution of nodes 
in the resulting FE assemblage.
A further analysis using five elements per member was performed and the 
frequencies extracted were found to be very similar to those obtained previously, indicating that 
the former mesh density yielded convergent results. The experimental modal survey carried out 
to verify the existence of these modes in the platform showed that its frequencies were in very 
close agreement with those of the FE model. The analyses were consequently deemed to be 
sufficiently accurate to dispense with the need for a further refinement of the FE model. The 
natural frequencies extracted from both of the models analyzed are presented in table 4.4, and 
the mode shapes for the former model are produced in figures 4.17 to 4.21.
4.14.3.2 Direct Integration Dynamic Analyses
The availability of a set of impact force and acceleration response waveforms 
obtained experimentally, and a proven FE model of the platform, allowed an assessment of the 
accuracy achievable in a FE time domain analysis to be undertaken. A typical hammer impact 
force waveform was selected from the set of transient tests performed on the structure and 
applied to the FE model in an unrestrained direct integration dynamic analysis using ABAQUS. 
It was then possible to make a comparison of the analytical response output with the existing
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response for that input force obtained experimentally, thereby allowing a measure of accuracy 
to be ascribed to the method. The force waveform selected was that used to excite mode 
number 10, the in-plane resonance at 61.28 Hz, because of the overwhelming participation of 
that mode in the calculated FRF (figure 3.10), and therefore in anticipation of the analytical 
response being dominated by this frequency component. The input force used to obtain this 
FRF, and subsequently inserted into the dynamic analyses, is shown in figure 4.22. 
Conditioning of this waveform prior to the analyses consisted of assigning the value of force 
outside the contact interval to 0. This ensured that the analyses did not respond to virtual 
loading by the hammer due to the response characteristics of the force transducer.
Fixed time incrementing was selected in preference to the automatic scheme both 
to allow the response of the model to be compared at similar time steps, and to reduce the 
costs of the analyses. Two analyses were carried out, differing only in the time increments, 8t, 
selected, being 1 and V6 millisecond, respectively. The Hilber-Hughes-Taylor parameter, a, was 
set to 0 in consideration of the fixed time increment scheme. The mass inertia of the platform 
was sufficient to stabilize the calculations in the direct integration analyses and additional 
numerical allowances for the unrestrained conditions were not found necessary.
The values of the members’ joint accelerations calculated by ABAQUS gave the 
estimated free-free undamped response of the model to the applied stimulus. To allow 
comparisons to be made with the actual damped response it was necessary to incorporate a 
measure of damping into the analytical response by weighting the trace with an exponential 
function of the form:
e'2'^ - 4.26
where ^ is the modal damping ratio.
Although the response contains more than one component, the dominance of mode 
number 10 in the FRF (figure 3.10) indicated that, as a first approximation, the damping 
characteristics of this mode would be sufficient to define the decay characteristics in the 
structural response. Taking the values of damping ratio and frequency for mode number 10, 
given in table 3.4, the exponential weighting function was calculated as:
e-12'375t - 4.27
Use would have to be made of the mode superposition technique to fully account 
for the differing damping characteristics of all the participating modes in the structure’s 
response. The acceleration responses predicted by ABAQUS and weighted by the exponential 
damping function (equation 4.27) are plotted in figure 4.23, along with the actual response 
detected experimentally.
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4.14.4 Cluster Model
As mentioned in chapter three, the intention of the analysis of this cluster was to 
determine the lower bending modes of the supporting platform, with the purpose of the perspex 
dishes on the platform being primarily to represent the distribution of mass and inertia in the 
reflector arrays. Prior to modelling the six dishes explicitly, a preliminary frequency extraction 
of the structure was performed using a lumped mass approximation for each of the dishes. This 
allowed initial estimates of the platform mode shapes to be obtained without recourse to the 
analysis of a large FE model. The reduced modelling, which could be considered a form of sub­
structuring, involved positioning the total mass of each dish at its centroid and the attachment 
of the mass to the platform using the rigid end constraint facility provided in the ABAQUS 
program. The members in the supporting platform were each modelled using four ABAQUS 
beam elements of equal length. The modal survey of the supporting platform, using the above 
mode shapes for reference, indicated that the modes developed by the platform were of the 
same type and in the same order as those extracted from the FE model.
A refined FE model, which took the presence of the dishes fully into account, was 
next developed for examination. Each member in the skeletal dishes was described using two 
beam elements, and connection of the six dishes to the platform was effected by the use of 
additional beam elements between the dish centres and the platform. The influence on the 
platform of the perspex plate at the base of each dish was modelled using an "S4R" thin shell, 
element.
Figures 4.24 to 4.28 show the first five vibrational modes of the cluster platform 
obtained in the latter set of extractions. The natural frequencies extracted from both the 
preliminary, lumped mass approximation analyses and the latter, more refined analyses are 
presented in table 4.5.
4.15 Glass Reinforced Composite FE Material Description
A series of FE frequency extractions was conducted on a model of a glass reinforced 
PES composite member, whose modal behaviour had been previously surveyed. Its orthotropic 
material moduli were determined from a series of static tests on members and sample coupon 
specimens cut from these members, the results of which may be found in table 3.7. Its material 
was assumed to be orthotropic, transversely isotropic, and isotropic, successively, using the 
stiffness relationships listed in appendix C. The intention of this set of analyses was to 
determine the accuracy it was possible to obtain, using these stiffness descriptions, in 
reproducing the lower bending modes of the orthotropic composite. To prevent errors being 
made in assigning these material descriptions to the composite, each stiffness matrix was 
programmed in FORTRAN 77. Using mild steel as a test material, the output from these 
routines was checked for equivalence prior to their use in calculating the composite’s properties.
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4.15.1 Structure FE Modelling
The anisotropic descriptions assigned to the material necessitated the use of thin 
shell elements to model the tubular geometry and to allow the local element material axes to 
be correctly oriented with the global member axes. The local 1, 2, and 3 material axes were 
chosen to lie along the longitudinal, hoop, and radial (through-the-thickness) directions, 
respectively, for the tube. The length of the member was modelled using ten equally spaced 
layers of ABAQUS type "S8R" elements, with the quadratic order of these elements resulting 
in this mesh density being deemed sufficient to accurately model the first three bending mode 
pairs of the structure. A total of four elements were assigned to the description of the members 
cross-section and the node coordinates were calculated using double precision real variables to 
ensure accurate modelling of the member curvature. This was also necessary to prevent element 
ill-conditioning. The use of shell elements was not required for the isotropic description, and 
hence a total of thirty type "B31" elements were used in the member modelling for this 
analysis.
4.15.2 Orthotropic M aterial
The orthotropic description, which finds extensive application in practice, was ideally 
suited to characterizing the stiffness of the composite. This was in view of the laminate’s fibre 
layup of 0790°, resulting in its three principal material axes being coincident with the 
member’s principal axes.
4.15.3 Transversely Isotropic M aterial
The glass composite is predominantly uniaxially reinforced, and therefore is a 
suitable candidate for description using this material type. It is noted by Tsai [17] that this 
is an important anisotropic material symmetry, and is frequently used to describe the elastic 
constants of anisotropic fibres and unidirectional composites. In both cases the plane of isotropy 
is normal to the axis of the fibres.
In consideration of the level of fibre reinforcement in the beam’s hoop direction, the 
modulus of elasticity for the isotropic plane was assumed to be equal to its hoop modulus 
measured from the coupon tests. The selection of this value implied that the radial modulus 
of elasticity was equal to a higher value than that inserted into the orthotropic description. 
This was typical of the material constant selections made in the composite approximations, with 
experimentally obtained data taking precedence over alternative, estimated values.
4.15.4 Isotropic M aterial
This is the most reduced description available for the material and is considered a 
practical characterization in view of both the predominance of axially aligned reinforcement in
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the composite and the expected loadings that it will experience in LSS structures. The two 
constants required for this description were obtained from the longitudinal modulus of elasticity 
and the major Poisson’s ratio of the member, both calculated from the longer coupon test 
results.
4.15.5 M aterial Constants for Glass Composite
Table 4.6 gives the elastic constants used to calculate the stiffness matrix 
components, Cijkl, which were inserted into the models for the three material descriptions 
assigned to the member.
The frequencies of the fundamental bending mode pair and their first and second 
harmonics, extracted from the unrestrained models containing the material constants defined 
in table 4.6, are presented in table 4.7.
4.16 Graphite Composite Material Description
Based on the level of agreement obtained in the investigation of the glass composite 
material, a reduced material description for the graphite composite was pursued. It was 
considered that the graphite composite would be accurately described using an isotropic 
approximation, which would also serve to significantly reduce the complexity of the subsequent 
LSS models.
A values of 58.0 GN/M2 for the modulus of elasticity, and 0.383 for the Poisson’s 
ratio, was assigned in all of the FE models containing the graphite reinforced PES composite 
material. The two constants were obtained from E: and v12 measurements taken from static 
tensile tests on appropriately strain gauged tubular members. The mass density of the graphite 
reinforced composite was measured as 1382 Kg/M3.
4.17 Composite Models
4.17.1 Beam Model
The preliminary FE description of this structure used thirty ABAQUS beam 
elements of equal length to mesh the composite tube, this being found sufficient to allow the 
model to deform into the first three transverse bending modes of the beam. The presence of 
the accelerometer was not taken into account in this preliminary description.
A more refined model, which took the accelerometer mass of 4.5 grammes into 
account, was generated and analyzed following the experimental modal survey of the beam. 
Figures 4.29 to 4.31 show the fundamental transverse bending mode and its two higher 
harmonics extracted from this latter model, and the frequencies for both the unrestrained 
preliminary and the refined models are presented in table 4.8.
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4.17.2 Lapped Beam Model
The centrally located lapped joint was assumed to have developed a stiffness at least 
equal to that of the adjoining beams and so was not modelled in the analysis. Similarly, the 
mass of the roving accelerometer was not included in the preliminary model. The lapped 
composite beam was accordingly described using forty ABAQUS beam elements of equal length. 
Following the mode survey of the lapped beam, a further analysis was performed on an 
updated model to allow better correlation between results. This model included the mass of the 
accelerometer which had been positioned 200 mm from the lap joint. The mode shapes 
extracted from both the above models are comparable to those for the single beam model, and 
hence have not been plotted. The natural frequencies extracted from the preliminary and 
updated FE models are given in table 4.9.
4.17.3 Lapped Beam w ith E nd  Caps Model
The beam length was calculated as the distance between the end cap centres and 
a lumped mass of 0.565 Kg was placed at these locations to model the contribution of these 
vertices on the structure in the preliminary FE mesh. The composite lapped beam was modelled 
using fifty ABAQUS beam elements of equal length. The more refined analysis, which was 
performed on completion of the mode survey, concentrated on modelling the effects of the end 
caps on the modal behaviour of the lapped beam. The length of the beam was produced to the 
outer faces of the end caps and the mass of the caps was uniformly distributed between the 
element nodes over which they spanned.
The fundamental transverse bending mode and its first and second higher harmonics 
extracted from this latter model are plotted in figures 4.32 to 4.34. The natural frequencies 
extracted from both models are presented in table 4.10.
4.17.4 Crimp-Bonded Beam w ith E nd  Caps Model
To allow a precise description of the crimp-bonded joint to be made, the FE model 
constructed for the analysis of this structure used two hundred ABAQUS beam elements to 
describe each of the two connected members. The length of the beam was measured from the 
centres of its end caps, which were modelled as single concentrated masses. The 700 mm 
Aluminum crimped joint enclosing the abutting ends of the members was represented as a stiff 
collar and the presence of the adhesive was not included in the joint’s description. The mode 
shapes extracted from this model were used for reference in the modal survey of the physical 
structure. The number of elements describing the whole beam was reduced to eighty four in 
the revised modelling of the structure to accurately reflect the contributions of the end caps, 
whose observed influence on its modal behaviour was seen to be considerable. The total length 
of the beam was measured from the outer faces of its end caps and their mass was distributed 
uniformly along the 100 mm lengths over which they were moulded. The analysis of this model
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indicated that it more accurately represented the modal behaviour of the structure. The natural 
frequencies obtained from both the preliminary and revised models are given in table 4.11.
4.17.5 Triangle with End Caps Model
The preliminary FE description developed for this structure modelled each member 
using forty ABAQUS beam elements of equal length. No account was made of the lap-joints 
at the mid-sides of the triangle and the mass of the end caps was lumped uniformly on the 
relevant element nodes at the vertices. A comparison of the frequencies extracted from this 
model with those obtained from the modal survey indicated that distributing the mass of the 
vertices in this structure had decreased the effective free length of the members. Hence the 
model yielded higher frequencies for most of the modes of the triangular structure. A revised 
modelling, including additional elements produced from the vertices to redistribute the end cap 
masses more uniformly over the vertex regions, was found to yield similar results to those 
obtained previously. The subsequent modelling of the structure lumped the mass of the vertices 
at their centres and this was found to represent the behaviour of the triangle more accurately. 
A comparison of the natural frequencies obtained from both these models is shown in table 
4.12, and mode numbers 7 to 15 extracted from the latter model are plotted in figures 4.35 to 
4.43.
4.17.6 Pyram id with End Caps Model
Each member in the triangular-based pyramidal structure was discretized using 
twenty ABAQUS beam elements and the four end cap vertices were modelled as single 
concentrated masses. No account was made for the lapped joint a t the mid-sides of the 
pyramid, and the structure was considered sufficiently massive to allow the accelerometer mass 
to be neglected. Very good agreement was found to exist between the frequencies extracted from 
the above model and those detected in the ensuing mode survey of the actual structure, and 
hence a further, refined modelling was not developed for this structure. Figures 4.44 to 4.55 
show mode numbers 7 to 18 extracted from this FE model. A listing of the frequencies is given 
in table 4.13.
4.17.7 Three-Way Double Layer Grid Model
The twenty one members of this structure were each described using ten ABAQUS 
beam elements, and the nine rigid end cap nodal joints were modelled using lumped masses. 
Veiy good correlation was found to exist between the frequency values extracted from this 
model and those detected experimentally in the mode survey of this tetrahedral structure. 
Consequently, the development of a refined modelling for this structure was deemed 
unnecessaiy. Mode numbers 7 to 14 extracted from the model are plotted in figures 4.56 to 
4.63, and a listing of the natural frequencies is presented in table 4.14.
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4.18 P aram etric  Composite LSS Models
4.18.1 L S S  Hexagonal Truss Model
The model of a very large tetrahedral truss, shaped in the form of a hexagonal ring, 
was generated for examination. The configuration was chosen because its repetitive geometry 
rendered it suitable for possible robotic fabrication methods, and possible dedicated uses for this 
structure could be as a supporting platform for a bank of reflectors, or as a compression frame 
for a very large Solar Power Station (SPS). Each arm in the ring was generated from sixty 
bays of a three-way double layer grid configuration. A similar construction, containing ten bays 
along each side, is plotted in figure 4.64. The selected LSS had 6222 members and required 
a total of 1830 cluster joints to be formed. The members were assumed to be manufactured 
from high technology graphite reinforced PES composite and to have a tubular cross-section of
12.5 mm outer radius and 2 mm wall thickness. A length of 2.5 metres was assigned to each 
member, which resulted in the LSS having a circumscribing diameter of 310 metres.
In anticipation of the lowest modes of this structure being developed primarily 
through axial straining of its arms, the members of the truss was modelled using bar elements 
containing three translational DOF per node. This modelling was also consistent with the 
recommendations reviewed in chapter two. The ABAQUS and LUSAS packages were used to 
determine the lowest modes of vibration of this LSS structure and both were found to give 
identical estimates for the behaviour of the system. The frequencies extracted by the packages 
are given in table 4.15 and the corresponding mode shapes are plotted in figures 4.65 to 4.70. 
Also included in table 4.15 is an estimate of the maximum undamped dynamic deflection 
developed by each mode in the model if subjected to the nominal dynamic application of a one 
Newton modal loading.
4.18.2 L S S  Three-Way Double Layer Grid Reflector
A large graphite composite reflector model in the form of a plane tetrahedral truss 
was next developed for examination. The model was assigned a total of ten bays along each 
side, with each member having a length of 2.5 metres. The resulting multi-bay configuration, 
shown in figure 4.71, lent itself to description using a continuum analogy and allowed the 
accuracy associated with the application of these approximate analogies to discrete skeletal 
systems to be determined. The analogy used was that formulated for the static analysis of 
double layer grid systems [18], and subsequently extended to account for their dynamic 
behaviour by the inclusion of mass density terms in its description [19]. In this analogy, the 
projected skeletal frame is replaced by a homogenous and isotropic continuum of identical 
planform dimensions. The analogy’s thickness and material constants are calculated using 
equations based on the layout of the regular configuration. It is assumed that the transverse 
bending stiffness of the frame is provided entirely by the members forming the faces of the
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frame, with no contributions being provided by the internal bracing of the structure. Transverse 
shear deflection contributions are ignored in the description and the members in the structure 
are assumed to be pin-jointed. A Poisson’s ratio value of 0.333 is assumed for the material in 
this equivalent continuum.
To achieve compatibility between the analogy’s formulations and the elements 
modelling the continuum, the classically formulated family of thin shell elements available in 
the LUSAS package were chosen to model the reflector in preference to the ABAQUS shell 
elements. Both three and four node shell elements were used to describe the hexagonal shape, 
and the ten bays along each side of the reflector (figure 4.71) were modelled using five thin 
shell elements. The discrete skeletal structure was modelled using bar elements and its 
unrestrained modal behaviour determined using the ABAQUS package. The frequencies 
extracted from the exact and continuum models for the reflector are compared in table 4.16. 
The relevant mode shapes for the first six vibrational modes are shown in figures 4.72 to 4.77. 
The generalized masses calculated by LUSAS were not tabulated because of the different 
criteria used by this package in scaling the associated modes of the continuum.
4.18.3 L S S  Cluster Model
The concept composite LSS cluster model developed for examination was similar in 
overall shape to the perspex cluster, described in sections 3.13.4 and 4.14.4, in that it consisted 
of a platform supporting an array of six reflector dishes. However, this configuration differed 
significantly from the perspex cluster in that the LSS platform was considerably more flexible 
than the dishes it supported. The platform was generated from the intersection of two-way 
double layer lattice arms, with each lattice module forming a cube of side 2.5 metres. This 
prismatic configuration was selected to inhibit the development of coupled bending and torsion 
modes in the platform that were observed in the LSS hexagonal ring. Each member was 
assigned the material properties of graphite reinforced PES composite, and had a tubular cross- 
section of 12.5 mm external radius and 2 mm wall thickness. The resulting external dimensions 
of this platform were 152.5 x 77.5 x 2.5 metres. Two banks of 15 x 5 metre solar arrays were 
attached to the platform using additional skeletal arms; with their lengths being sufficient to 
clear the shadows produced by the neighbouring reflector arrays. The set of four larger 
hexagonal reflector dishes were distributed about the perimeter of the platform and had a 75 
metre circumscribing diameter. The two internal dishes were similarly constructed, and had 
circumscribing diameters of 50 metres. The faces of both sets of dishes had parabolic 
curvatures, and the selection of their focal lengths constituted a basis for the ensuing 
parametric studies. These focal lengths ranged from infinity, i.e. producing flat plates, for all 
the dishes, to fifty and thirty metres for the larger and smaller sets of dishes, respectively. The 
presence of antenna signal feed systems was not modelled in these analyses. A plot of one of 
the resulting LSS variants is produced in figure 4.78.
Preliminary frequency extractions from individual dishes under a variety of support 
conditions indicated that a fundamental frequency of between 1 and 3 Hz for a 75 metre flat
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hexagonal dish could be expected. These frequencies being at least an order of magnitude 
greater than those expected for the supporting platform, it was decided that the bank of dishes 
would be most economically modelled using the continuum analogy previously applied to the 
LSS tetrahedral reflector (section 4.18.2). Each parabolic reflector was modelled using five 
ABAQUS thin shell elements along each side, these being type "S4R" for the bulk of the 
reflector and type "STRI3" to complete its hexagonal shape. This level of discretization was 
found to accurately model the presence of the dishes, whilst keeping the size of their 
description to a minimum.
Bar elements, rather than beams, were used to model the platform members to 
enable a reduction from six to three DOF per node in the platform to be made. An equivalent 
beam analogy was not applied to the description of the platform arms because of the difficulties 
encountered in accurately prescribing their torsional rigidity. However, due to the small element 
DOF wavefront associated with their configuration, the exact representation of the platform 
skeletal configuration did not result in significantly increased analysis costs.
The solar arrays were modelled using a set of "S8R" thin shell elements, which were 
assigned to prevent the development of inextensional modes found to be associated with the 
use of insufficiently restrained lower order "S4R" elements in these ABAQUS analyses. The 
supporting platform mass was calculated as 1.6 tonnes, and the total mass of the six reflectors 
was 14.8 tonnes. A mass of 1.3 tonnes was provided for the bank of solar arrays in the 
analyses.
The first six circular natural frequencies of the cluster containing 50 and 30 metre 
focal lengths for the larger and smaller set of dishes, respectively, are given in table 4.17. The 
first three mode shapes for this cluster are shown in figures 4.79 to 4.81.
At this time an additional analysis was performed in which the bar elements on the 
platform were replaced with beam elements. Marginally higher platform frequencies ensued but 
the values did not differ by more than 0.1%, indicating that axial member deformations were 
predominant in the development of the mode shapes in the platform.
A series of parametric studies was next performed on the LSS cluster to assess the 
sensitivity of its modal behaviour to variations of the characteristics of its reflector dishes. 
These included changing the focal lengths of the dishes from 50 to 70 metres for the larger set 
of dishes, and from 30 to 50 metres for the smaller set. The reflectors were then replaced with 
equivalent flat plates in the succeeding study. In all cases the circumscribing diameters of the 
dishes remained unchanged. The frequencies extracted in these two analyses are given in tables
4.18 and 4.19, respectively.
The original 50 and 30 metre focal length reflectors were next modelled using 
equivalent point masses lumped at each dish centroid. The resulting frequencies are given in 
table 4.20. A further parametric study on the cluster was undertaken to determine the effect 
of varying the support configurations assigned to the 50 and 30 metre focal length reflectors, 
with additional supports being provided between the platform and the rims of each dish. The 
results of this study are given in table 4.21.
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A summary of the LSS cluster circular natural frequencies contained in tables 4.17 
to 4.21 may be found in table 4.22.
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4.20 Tables of Analytical Results
Table 4.1: FE Model Attributes
Chapter
Section
Number
Mass
(Kg)
Element
Type
Number
of
Elements
Number
of
DOF
Maximum 
Element DOF 
Frontwidth
4.14.1 0.091
2 Node Beam 160
330
21 Node 
Solid
8
2160
4.14.2 0.58 2 Node Beam 544 2736 48
4.14.3 1.79 2 Node Beam 1664 8280 114
4.14.4 4.58
2 Node Beam 3254
12060 264
4 Node 
Shell
6
4.15.2 0.088 8
Node Shell
40 768 84
4.17.1 0.19 2 Node Beam 30 186 12
4.17.2 0.38 2 Node Beam 40 246 12
4.17.3 1.68 2 Node Beam 50 306 12
4.17.4 1.59 2 Node Beam 416 2424 18
4.17.5 2.88 2 Node Beam 120 720 18
4.17.6 4.56 2 Node Beam 120 708 30
4.17.7 9.17 2 Node Beam 210 1188 48
4.18.1 3021 2 Node Bar 6222 5490 33
4.18.2
1296 2 Node Bar 2670 408 6 126
1311
3 and 4 
Node Shells
110 696 102
(Platform) 1600 2 Node Bar 2876
(Reflectors) 14800 3 and 4 
Node Shells
680 10104 310
4.18.3 
Solar Arrays 1300 4
Node Shell
20
103
Table 4.2: Perspex Cube Model
Mode Number
7 8 9 10 11 12 13
Preliminary
Model
(Hz)
51.65 52.06 105.24 119.42 125.89 125.8 9 129.26
Mode Type (1) (1) (2) (2) (2) (2) (2)
Refined
Model
(Hz)
49.31 51.63 105.05 119.42 125.75 125.83 128.89
Mode Type (1) (1) (2) (2) (2) (2) (2)
Difference
(%)
+4.7 +0.8 +0.2 +0.0 -0.1 +0.0 -0.3
Mode Description:
(1) Global Shear
(2) Local Member Bending
Table 4.3: Perspex Arm Model
Mode Number
7 8 9 10 11 12
ABAQUS and 
LUSAS Model 
(Hz)
46.67 48.38 62.07 62.07 71.31 79.70
Mode Type Shear
(Y)
Shear
(Y)
Bending
(Z)
Bending
(Y)
Shear
(Y)
Torsion
(X)
1 Accelerometer Mass Neglected.
2 Accelerometer Mass Included.
Table 4.4: Perspex Platform Model
ABAQUS
Analysis
Mode Number
7 8 9 10 11
Preliminary
Model
(Hz)
24.59 44.13 52.83 63.00 67.42
Mode Type Torsion
(X)
Bending
(Y)
Shear
(X)
Shear
(Y)
Torsion
(X)
Refined
Model
(Hz)
24.60 44.13 52.81 62.96 67.41
Table 4.5: Perspex Cluster Model
ABAQUS
Analysis
Mode Number
7 8 9 10 11
Preliminary
Model
(Hz)
12.80 27.90 36.36 36.67 43.57
Mode Type Torsion
(X)
Bending
(Y)
Shear
(X)
Torsion
(X)
Shear
(Y)
Re
Model*
(Hz)
11.75 25.21 34.57 35.66 41.51
Difference
(%)
+8.9 +10.7 +5.2 +2.8 +5.0
3 Four Beam Elements Per Member.
4 Five Beam Elements Per Member.
5 Lumped Mass Approximation for Reflector Dishes.
6 Reflector Dishes Modelled Explicitly in Analysis.
Table 4.6: Moduli for Glass Composite Descriptions
Material
Constants
Orthotropic Transversely
Isotropic
Isotropic
E1 GN/M2 27.0 27.0 27.0
E2 GN/M2 6.73 6.73
E3 GN/M2 2.60 6.73
G12 GN/M2 2.98 2.98
G23 GN/M2 0.916
G31 GN/M2 0.916
V12 0.196 0.196 0.196
V13 0.420
V21 0.040 0.040
V23 0.420 0.420
V31 0.040
V32 ' 0 .162
Table 4.7: Glass Composite Beam Model
Composite
Description
Fundamental
Mode
(Hz)
First
Harmonic
(Hz)
Second
Harmonic
(Hz)
Orthotropic 474.8 1211 2153
Transversely 473.5 1208 2148
Isotropic
(-0.3) (-0.2) (-0.2)
Isotropic 476.2 1266 2371
(+0.3) (+4.5) (+0.8)
(% Difference with Respect to Orthotropic Description)
Table 4.8: Composite Beam Model
ABAQUS
Analysis
Mode Number
7, 8 9, 10 11, 12
Preliminary
Model
(Hz)
205.24 560.18 1084.3
Transverse 
Mode Type
Fundam­
ental
First
Harmonic
Second
Harmonic
Refined
Model
(Hz)
201.77 560.18 1060.3
Difference
(%)
+1.7 +0.0 +2.3
Table 4.9: Lapped Composite Beam Model
ABAQUS
Analysis
Mode Number
7, 8 9, 10 11, 12 13, 14
Preliminary
Model
(Hz)
49.13 135.00 263.62 433.74
Transverse 
Mode Type
Fundam­
ental
First
Harmonic
Second
Harmonic
Third
Harmonic
Model
(Hz)
48.53 133.61 262.34 424.77
Difference
<%)
+1.2 +1.0 +0.5 +2.1
\
7 Accelerometer Mass Not Included
8 Accelerometer Mass Included.
9 Accelerometer Mass Not Included.
10 Accelerometer Mass Included.
Table 4.10: Lapped Composite Beam with End Caps Model
ABAQUS
Analysis
Mode Number
7, 8 9, 10 11, 12
Preliminary
Model
(Hz)
24.10 89.57 195.47
Transverse 
Mode Type
Fundam­
ental
First
Harmonic
Second
Harmonic
Refinecj^
Model
(Hz)
23.41 84.61 176.49
Difference
(%)
+2.9 +2.5 +10.8
Table 4.11: Crimp-Bonded Composite Beam with End Caps Model
ABAQUS
Analysis
Mode Number
7, 8 9, 10 11, 12 13, 14
Preliminary
Model
(Hz)
19.80 77.65 161.67 301.46
Transverse 
Mode Type
Fundam­
ental
First
Harmonic
Second
Harmonic
Third
Harmonic
Ref ine<^ 4 
Model 
(Hz)
21.97 82.23 165.86 282.45
Difference
(%)
-9.9 -5.6 -2.5 +6.7
11 Lumped Mass Approximation for End Caps.
12 Distributed Mass Approximation for End Caps.
13 Beam Defined Using 200 Elements, Lumped Mass Approximation for End Caps.
14 Beam Defined Using 84 Elements, Distributed Mass Approximation for End 
Caps.
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Table 4.12: Composite Triangle with End Cap Vertices Model
ABAQUS
Analysis
Mode Number
7+ 8+, 9+ 10", 11 12 13 14+, 15+
Preliminary
Model
(Hz)
26.72 27.10 29.25 46.88 88.69 89.76
Ref inecjlg 
Model 
(Hz)
25.40 26.99 29.04 47.11 86.53 86.84
Difference
(%)
+5.2 +0.4 +0.7 +0.5 +2.5 +3.4
In-Plane Modes 
Out-of-Plane Modes
Table 4.13: Composite Pyramid with End Cap Vertices Model
ABAQUS
Analysis
Mode Number
7, 8, 9 10,11,12 13, 14 15 16,17,18
Origin^}-
Model
(Hz)
30.65 30.92 31.83 48.64 48.65
Table 4.14: Composite Three-Way Double Layer Grid Model
ABAQUS
Analysis
Mode Number
7 8, 9 10, 11 12, 13 14
Origin^
Model
(Hz)
102.25 102.92 106.87 111.44 112.42
15 Distributed Mass Approximation for End Caps.
16 Lumped Mass Approximation for End Caps.
17 Lumped Mass Approximation for End Caps.
18 Lumped Mass Approximation for End Caps.
Table 4.15: Composite Hexagonal LSS Model
Mode
No.
Frequency 
xlO Hz
Generalized 
Mass (Kg)
Max Dynamic 
Defl'n. (M)
Description 
of Mode
1-6 0 0 . 0 0 oo RBMs
7 5.76 1137.4 13.44xl0-3 Out-of-Plane
8 5.76 871.8 17.53xl0-3 Out-of-Plane
9 11.21 1765.6 2.28xl0"3 In-Plane
11.21 3246.0 1.24xl0-3 In-Plane
11 13.37 1035.4 2.7 4xl0-3 Out-Of-Plane
12 23.62 1414.5 6.42xl0“4 Out-Of-Plane
Table 4.16: Three-Way Double Layer Grid Reflector LSS
Mode
No.
ABAQUS
Skeletal
Analysis
(Hz)
LUSAS
Slab
Analogy
(Hz)
Difference
(%)
Description 
of Mode
1-6 0.00 0.00 0.0 RBMs
7 5.19 5.21 0.4 Bending
8 5.19 5.27 1.5 Bending
9 8.90 8.92 0.2 Bending
10 10.18 11.08 8.8 (+)
11 12.84 12.82 0.2 (++)
12 18.02 19.05 5.7 Bending
(+) Bending and Torsion
(++) Anticlastic Bending
Table 4.17: LSS Cluster with 50M and 30M Focal Length Reflectors
Mode Number 7 8 9 10 11 12
Frequency 
xlO Hz
3.57 5.50 6.76 10.05 10.20 12.34
Generalized 
Mass (Kg)
3610 9003 4059 16181 16338 N/C
Max Dynamic 
Defl'n. (M)
1.10
xlO
1.8 6 
xlO
2.73
xlO
3.10
xlO
2.9_3
xlO
—  —  —
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Table 4.18: LSS Cluster with 70M and 50M Focal Length Reflectors
Mode Number 7 8 9 10 11 12
Frequency 
xlO Hz
Generalized 
Mass (Kg)
Max Dynamic 
Defl'n. (M)
3.61
3540
1.10 , 
xl0"‘
5.53
8883
1.87
xlO
6.82
3970
2.44
xlO
10.07
16040
3.11.
xlO
10.22
15753
3.08
xlO
12 .50 
N/C
Table 4.19: LSS Cluster with Equivalent Flat Plates (f = °°)
Mode Number 7 8 9 10 11 12
Frequency 
xlO Hz
Generalized 
Mass (Kg)
Max Dynamic 
Defl'n. (M)
3.65
3460
1.10 „ 
xlO""
5.57
8755
1.87 , 
xlO
6.90
3869
2.75
xlO
10.06
14039
3.57,
xlO
10.18
13881
3.52
xlO
12 .72 
N/C
% Difference 
(Table 4.17)
+2.2 +1.3 +2.1 +0.1 +0.2 +3.1
Table 4.20: LSS Cluster Platform with Lumped Masses
Mode Number 7 8 9 10 11 12
Frequency 
xlO Hz
Generalized 
Mass (Kg)
Max Dynamic 
Defl'n. (M)
3.81
11632
3.01
xl0-~
5.38
16948
1.03
xlO
7.13
14128
7.06,
xlO"4
9.14
20805
2.91,
xlO
9.41
15791
3.62
xlO
12.29
N/C
% Difference 
(Table 4.17)
+ 6.7 -2.2 +5.5 -9.1 -7.7 -0.4
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Table 4.21: LSS Cluster with Rim-Stiffened Reflectors
Mode Number 7 8 9 10 11 12
Frequency 
xlO Hz
Generalized 
Mass (Kg)
Max Dynamic 
Defl'n. (M)
4.13
3510
8.46 , 
xlO ~
7.28
9219
1.03
xlO
8.99
3886
1.61.
xlO
14.68
15781
1.49-
xlO
16.53
2873
6.46
xlO
17.96
N/C
% Difference 
(Table 4.17)
-14.9 -44.6 -41.0 -51.9 +121 +45.5
(N/C - Corresponding Eigenvector Not Converged)
Table 4.22: Summary of Circular Natural Frequencies for 
Composite LSS Cluster
Mode
No.
Frequency (xlO "2 Hz)
Focal Lengths of Larger (Smaller) Dishes (M)
50 70 o o Point Rim-Stiff
(30) (50) (OO) Masses Cluster
7 3.57 3.61 3.65 3.81 4.13
8 5.50 5.53 5.57 5.38 7.28
9 6.76 6.82 6.90 7.13 8.99
10 10.05 10.07 10.06 9.14 14.68
11 10.20 10.22 10.18 9.14 16.53
12 12.34 12.50 12.72 12.29 17.96
Figure 4.1: Perspex Cube F.E. Model. Figure 4.2: Mode Number 7 at 49.31 Hz.
Figure 4.3: Mode Number 8 at 51.63 Hz. Figure 4.4: Mode Number 9 at 105.05 Hz.
Figure 4.5: Mode Number 10 at 119.42 Hz. Figure 4.6: Mode Number 11 at 125.75 Hz.
Figure 4.7: Mode Number 12 at 125.83 Hz. Figure 4.8: Mode Number 13 at 125.89 Hz. 
Perspex Cube
Figure 4.9: Perspex Arm F.E. Model.
Figure 4.10: Mode Number 7 at 46.67 Hz. Figure 4.11: Mode Number 8 at 48.38 Hz.
Figure 4.12: Mode Number 9 at 62.07 Hz. Figure 4.13: Mode Number 10 at 62.07 Hz.
Figure 4.14: Mode Number 11 at 71.31 Hz.
Perspex Arm
Figure 4.15: Mode Number 12 at 79.70 Hz.
114
Figure 4.16: Node Distribution in Platform Model. Figure 4.17: Mode Number 7 at 24.59 Hz.
Figure 4.19: Mode Number 9 at 52.83 Hz.Figure 4.18: Mode Number 8 at 44.13 Hz.
Figure 4.20: Mode Number 10 at 63.00 Hz. Figure 4.21: Mode Number 11 at 67.42 Hz.
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Figure 4.22: Transient Stimulus in Platform 
Direct Dynamic Analysis.
X10-1
25„
Measured Response 
Analysis: 1 mSec Increments 
Analysis: ¥i mSec Increments
-20
0 1 2 3 1 5 6  7 8 9  10
Time (Seconds) X10- 2
Figure 4.23: Platform Nodal Acceleration Response.
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Perspex Cluster
Figure 4.29: Mode Number 7 at 201.77 Hz. Figure 4.32: Mode Number 7 at 23.41 Hz.
Figure 4.30: Mode Number 8 at 560.18 Hz. Figure 4.33: Mode Number 8 at 84.61 Hz.
Figure 4.31: Mode Number 9 at 1060.3 Hz. Figure 4.34: Mode Number 9 at 176.49 Hz.
Composite Beam Lapped Beam with End Caps
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Figure 4.35: Mode Number 7 at 25.40 Hz.
Figure 4.40: Mode Number 12 a t 47.11 Hz.
Figure 4.36: Mode Number 8 at 26.99 Hz.
Figure 4.37: Mode Number 9 at 26.99 Hz. Figure 4.41: Mode Number 13 at 86.53 Hz.
Figure 4.38: Mode Number 10 at 29.04 Hz. Figure 4.42: Mode Number 14 at 86.84 Hz.
Figure 4.39: Mode Number 11 at 29.04 Hz. 
Composite Triangle with End Caps
Figure 4.43: Mode Number 15 at 86.84 Hz.
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Figure 4.44: 
Mode 7 at 30.65 Hz.
Figure 4.45: 
Mode 8 at 30.65 Hz.
Figure 4.46: 
Mode 9 at 30.65 Hz.
Figure 4.47: Figure 4.48: Figure 4.49:
Mode 10 at 30.92 Hz. Mode 11 at 30.92 Hz. Mode 12 at 30.92 Hz.
Figure 4.50: Figure 4.51: Figure 4.52:
Mode 13 at 31.83 Hz. Mode 14 at 31.83 Hz. Mode 15 at 48.64 Hz.
Figure 4.53: Figure 4.54: Figure 4.55:
Mode 16 at 48.65 Hz. Mode 17 at 48.65 Hz. Mode 18 at 48.65 Hz.
Composite Pyramid with End Caps
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Figure 4.56: Mode Number 7 at 102.25 Hz. Figure 4.57: Mode Number 8 at 102.92 Hz.
Figure 4.58: Mode Number 9 at 102.92 Hz. Figure 4.59: Mode Number 10 at 106.87 Hz.
Figure 4.60: Mode Number 11 a t 106.87 Hz. Figure 4.61: Mode Number 12 a t 111.44 Hz.
Figure 4.62: Mode Number 13 at 111.44 Hz. Figure 4.63: Mode Number 14 at 112.42 Hz.
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Three-Way Double Layer Grid
Figure 4.64: LSS Hexagonal Ring: 10 Bays Per Side
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LSS Hexagonal Ring
Figure 4.65: Mode Number 7 at 5.76X1042 Hz.
Figure 4.66: Mode Number 8 at 5.76xl0'2 Hz.
Figure 4.67: Mode Number 9 at 11.21xl0'2 Hz.
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L SS Hexagonal Ring
Figure 4.68: Mode Number 10 at 11.76xl0'2 Hz.
Figure 4.69: Mode Number 11 at 13.37xl0'2 Hz.
Figure 4.70: Mode Number 12 at 23.62xl0'2 Hz.
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LSS Hexagonal Ring
Figure 4.71: LSS Three-Way Double Layer Grid Reflector.
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LSS Reflector
5.19 Hz. Figure 4.72: Mode Number 7
Figure 4.73: Mode Number 8
LSS Reflector
8.90 Hz. Figure 4.74: Mode Number 9
10.18 Hz. Figure 4.75: Mode Number 10 11.08 Hz.
Figure 4.76: Mode Number 11
Ta/XtW'awn*»g}’!i
18.02 Hz. Figure 4.77: Mode Number 12 19.05 Hz.
Figure 4.78: LSS Reflector Cluster.
Figure 4.79: Mode Number 7
Figure 4.80: Mode Number 8
LSS Reflector Cluster
Figure 4.81: Mode Number 9
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Chapter 5 Discussion o f Results
5.1 Introduction
The experimental modal survey and FE analytical results for each structure are 
compared in the order of their introduction in the previous two chapters. The relative success 
of the different analytical models describing the structures is also discussed. Finally, the 
chapter concludes with a discussion on the results obtained from the set of parametric FE 
studies on the modal behaviour of the three concept large skeletal structures.
5.2 Perspex Structures
5.2.1 Cube
The mode shapes extracted from the updated FE model are plotted in figures 4.2 
to 4.8. These figures show that, although different, the first and second vibrational modes were 
predicted to involve a relative shearing of two of the cube’s longitudinal faces. However, 
whereas the first two vibrational modes included a significant level of translational 
participation by the structure’s vertices, the remaining modes of interest were revealed to 
primarily involve local member bending, with the contributions of the vertices to these modes 
being insignificant.
This feature of the modes is reflected to a certain extent in the FRF spectra 
obtained in the associated modal survey and plotted in figures 3.2 to 3.6. As seen in figures
3.2 and 3.3, the lowest global-type modes are clearly represented in the spectra, and undue 
problems were not encountered in their detection. However, verifying the existence of the local 
modes in the structure proved to be significantly more complicated. The difficulty was due both 
to the size and the configuration of the perspex cube which restricted the free access to all the 
locations required for a comprehensive modal survey, and also to its very low mass. Both of 
these factors combined to restrict the number of locations at which impacts could be applied, 
and hence the adequate excitation of the desired local member modes was made relatively 
difficult.
The problems experienced in exciting higher frequency local modes are illustrated 
in figures 3.4 and 3.5. These spectra reveal the onset of diminishing signal strength at higher 
frequencies, which result in poorly represented modes being saturated with background noise. 
However, the more prominent neighbouring modes remain comparatively unaffected by such 
noise. The effect of opting for a lightweight hammer to increase the range of frequencies 
stimulated in the structure is evident in figure 3.6, which is seen to be relatively free from 
noise. The estimates for the modal damping ratios presented in table 3.2 are consistent with 
expectations for adhesively bonded perspex structures and indicate that the global types of 
modes are possessed of slightly higher damping characteristics than those for the corresponding
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local member modes. It is considered that this is due to the more active participation of the 
vertices in the global modes, which served to augment the damping of these modes.
A considerable shift in frequency of comparable resonances is detected in an 
inspection of this set of FRFs. This is evidence of the effects of the roving accelerometer on the 
modal behaviour of this lightweight structure. The structure’s sensitivity to variations in the 
distribution of mass was also established in the frequency extractions of its FE models. From 
table 4.2, the inclusion of the accelerometer mass in the updated model had a significant effect 
on the global modes of the structure, and altered the frequency of mode number 7 by nearly 
5%. However, as expected, it had little influence on the local member modes of the structure. 
This made precise correlation between the analytical and experimental results for the structure 
difficult because of the need to reposition the accelerometer to allow all of the modes to be 
detected. However, an overall interpretation of the FRF spectra with reference to the mode 
shapes extracted from the FE model reveals that the description was indeed capable of 
faithfully reproducing both the global and the local modal behaviour of this structure. 
Consequently, the accuracy obtained in these natural frequency extractions, as seen in table 
5.1, is considered to have been primarily due to the detailed description of the perspex joints 
assigned to the FE models. This was borne out in an additional analysis which modelled the 
vertices using a lumped mass approximation. The increase in member length associated with 
this minimal description resulted in the frequency of the first global vibrational mode being 
in error by almost 20%.
5.2.2 A rm
In contrast to the perspex cube, the lowest modes of vibration developed by the FE 
model of the eleven bay perspex arm, shown in figures 4.10 to 4.15, are developed entirely 
through global deformations of the system. An examination of figures 4.10 and 4.11 reveals that 
the two lowest vibrational modes are developed through a global shearing of the structure’s 
cross-section, this being allowed by the bending deformation of its members. In this respect 
mode number 8 is seen to be a higher order development of mode number 7. Analogous modes 
have been seen in the perspex cube and their development indicates that the absence of 
transverse bracing in both of these structures makes them particularly flexible in global 
transverse shear. Mode numbers 9 and 10 are developed in the form of the fundamental 
transverse beam bending mode pair for the system. As well as revealing the symmetry of its 
cross-section, the ability of the skeletal structure to deform in such a manner indicates that 
eleven bays of the module are sufficient to produce global beam bending tendencies in the 
structure. The slight irregularities in these modes a t the ends of the arm are due to the 
increased rotational flexibility of the joints at the extremities of the arm. These modes are 
followed by a- fai'rA beam shearing mode and the fundamental torsional mode for
the structure, respectively.
The development of all the above lower global modes in the physical structure was 
verified in the corresponding modal survey, the FRFs of which are shown in figures 3.7 and
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3.8. An inspection of these spectra reveals that, while possessing good signal-to-noise (S/N) 
ratios, the overlapping of adjacent resonance curves suggests that the modes may be prone to 
a measure of coupling. The development of this feature in the FRFs indicates that it is 
possible, because of the damping ratio values and the small separation between the modes, 
for the spectral distribution of energy in the structure’s dynamic response to leak between the 
adjacent resonances, and hence nullify the assumptions of linearity made for the behaviour of 
the structure. However, with reference to table 3.1, it is suspected that the rather coarse 
spectral resolution of 0.24 Hz may have contributed to this characteristic and that a higher 
resolution would result in the inter-resonance FRF levels tending to near-zero ambient values.
An examination of table 5.2 shows that veiy good agreement has been obtained 
between the modes predicted analytically and detected experimentally, with the FE estimates 
being in error by not more than 1.7%. It is significant that neither the presence of the perspex 
joints nor that of the accelerometer was included in the development of this model, and shows 
that the contribution from these sources is greatly diminished over their contribution to the 
modal behaviour of the perspex cube. This is verified from inspection of the arm’s mode shapes 
in which it is observed that the free length of the members has practically no influence on its 
global mode shapes. The redundancy of the member joints in the modal behaviour of the arm 
indicates that increasing the number of bays or members in a skeletal structure may have a 
beneficial effect on its modal behaviour, with its members increasingly being placed in axial 
strain as it deforms to adopt its lowest vibrational modes.
Little difficulty was encountered in performing the modal survey of this structure 
and this is reflected in the overall quality of the FRF spectra obtained. It is considered that 
this was due to the increased mass and size of the structure over that of the perspex cube. The 
increase in size, however, did not result in a corresponding increase in flexibility, leading to 
an overall improvement in its modal characteristics. This is borne out by the nearly identical 
fundamental frequencies of both the cube and arm structures. An examination of the modal 
damping ratios in table 3.3 for this structure reveals that they are practically unchanged from 
those for the cube, and are in keeping with expectations for such an adhesively bonded 
structure.
5.2.3 Platform
5.2.3.1 Modal Survey
The difference in the relative inertias between the in-plane and out-of-plane 
directions of this essentially two-dimensional structure would be expected to result in the 
platform’s lowest modes of vibration being developed out-of-plane. This was verified by an 
examination of the modes extracted from its FE model, shown in figures 4.17 to 4.21, which 
revealed that its first two vibrational modes would be developed out-of-plane through torsion 
for mode number 7, and bending of the structure about its transverse axis for mode number 
8. Conversely, mode numbers 9 and 10 would be produced through an in-plane shearing of the
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structure parallel to its longitudinal and transverse axes, respectively. A : zexL 
torsional mode about its transverse axis would be developed as mode number 11, and the first 
of its innumerable local member modes would be represented as mode number 12 (not shown).
An advantage of this platform configuration was that the complete modal survey 
could be partitioned into its examination in three orthogonal directions. In each case the 
excitation and detection vectors were oriented parallel to each other. The FRFs obtained in this 
series of surveys are shown in figures 3.9 to 3.11.
In the course of surveying this structure it was found that the participation of local 
member vibrations in the response waveforms was considerably reduced by ensuring that the 
FRF vector pair did not lie on contiguous platform member joints. Due to its depth, the 
platform’s plane of support was offset from the node points of its lowest modes of vibration, 
and hence a measure of eccentricity was introduced into the suspension system. Although this 
is considered to have had an insignificant effect on the modes of the structure, it resulted in 
components of certain modes being detected in directions that were orthogonal to their 
development. An example of this can be seen in the slight indication of additional modal 
activity inconsistent with expectations in figure 3.9.
It is also seen from the platform’s FRFs that, in contrast to the spectra obtained 
for the perspex arm, no undue evidence of mode coupling is found between the resonances of 
this structure. The damping ratios calculated for the lowest modes lie in the range of 2.0 to 
3.5% of critical damping. This is slightly higher than the values for the previous structures 
examined and is considered reasonable in view of the increased complexity of the structure.
It is seen in table 5.3 that in all cases the FRFs verify the existence of the modes 
in the directions and at the frequencies they were predicted to occur by the FE analysis. The 
accuracy of the FE estimates, although acceptable, is seen to have diminished in comparison 
to that obtained (table 5.2) for the arm. No discemable pattern is found in the accuracy of the 
frequency estimates for the platform. The modelling discrepancy is most pronounced for mode 
number 7; being nearly 4% for this torsional mode. Conversely, the accuracy of mode number 
11, which is a. k is very good. Similarly, the accuracy of modelling the two in­
plane shearing modes is seen not to follow a definite trend. An explanation might lie in the 
possibility that some modes are stiffer in either the structure or the analytical model because 
of fabrication details. However, the model has successfully and accurately reproduced shapes 
requiring more flexibility, e.g. mode numbers 9 and 11, than the modes that are in error. 
Additionally, from table 4.4 it can be seen that the element density assigned to the model has 
resulted in a converged set of frequencies being extracted in the analyses. It is therefore 
believed that the discrepancies between the analytical and experimental behaviour may possibly 
be caused by the varying intrusion of the suspension system in the development of the 
structure’s modes.
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5.2.3.2 D irect Dynamic Analyses
From figure 4.23, the dynamic response of the unrestrained perspex platform 
predicted analytically is found to agree very well with the waveform obtained experimentally. 
The FE stiffness method is displacement-based, and hence the agreement obtained between 
the analytical accelerations, which require a double differentiation of the displacements to be 
performed, and the actual accelerometer response indicates that the agreement between the 
displacements and velocities of the structure and the model is at least as accurate. 
Incorporation of the exponential damping function, derived from the parameters of mode 
number 10 given in table 3.4, into the analytical responses yields a high level of correlation 
with the trends established in the experimental results. The effect of post-multiplication of the 
calculated responses by the experimental weighting function is to scale the amplitude of the 
traces and its operation is insensitive to the frequencies of the components. An examination 
of the structure’s transient response obtained experimentally clearly shows that the contribution 
of higher frequency components is quickly damped out as time progresses. This feature is not 
modelled in either of the analytical traces with higher frequency components, considered to be 
local member vibrations, remaining in the response throughout the time span examined. The 
continued presence of these higher frequency modes as time proceeds is a feature of the 
Newmark-based integration scheme employed. As mentioned in chapter two, integration errors 
accrued using the Newmark method do not exhibit themselves through response amplitude 
decay. The consequence of halving the time increment in the analysis would be expected, on 
the basis of the Nyquist criterion, to introduce higher frequency components into the structural 
response, and this is confirmed in a comparison of the two traces obtained analytically. Both 
of the analytical traces are seen to possess a progressively increasing phase shift with time in 
relation to the actual physical response. This shift is larger for the analysis carried out using 
larger time increments, and reveals that the errors in the analyses are greater for this 
increment scheme. Additionally, a component of the phase shift is due to the 2.6% difference 
between the natural frequencies of the FE model and the actual frequencies of the structure 
determined experimentally, as seen in table 5.3. It is interesting to note that, despite this 
difference, the FE model was capable of accurately reproducing the response of the unrestrained 
structure to the dynamic loading.
In general, the prior extraction of frequencies from a FE model can prove beneficial 
to the economical performance of a time domain dynamic analysis. Utilizing the duality of the 
time and frequency domains, the FE model can firstly be adjusted to the required level of 
accuracy based on its performance in frequency extraction analyses and, additionally, the 
component frequencies of the structural response to the applied loading can be anticipated in 
advance. Transformation of the dynamic load into its frequency domain representation can then 
reveal the extent that these modes will be excited in the following time domain analysis. 
Carrying out the analysis in these two distinct stages allows a more meaningful interpretation 
of the dynamic response of the system to be made. It can also greatly reduce the complexity
134
of the problem, leaving only parameters unique to the dynamic analysis remaining to be 
selected at the second stage of the calculations.
5.2.4 Cluster
As mentioned in chapters three and four, the primary objective of this structures 
survey was to determine the modal behaviour developed by its supporting platform. This was 
to allow trends in the results to be compared with the expected modal characteristics of the 
proposed LSS cluster. The fundamental modes of the flexible perspex dishes, although developed 
at lower frequencies than those of the platform, were not of interest and therefore have been 
excluded from this discussion.
The cluster’s preliminary frequency extractions, using lumped mass approximations 
for the dishes, indicated that the first five global mode shapes developed by the supporting 
platform could be expected to be similar to those of the platform without arrays attached. This 
is to be expected in view of the near-uniform and symmetrical distribution of dishes about the 
platform. However, the ordering of the mode shape development was not the same as that for 
the unloaded platform, with mode numbers 10 and 11 for the unloaded platform being 
interchanged in the ordering of modes for the cluster’s platform. This rearrangement of mode 
shapes was caused by the offset lumped masses promoting the development of out-of-plane 
modes at the expense of the platform in-plane modes. This approximation generally produced, 
as can be seen in table 4.5, estimates accurate to within 11% of those of the more refined 
model for the platform modal behaviour and allowed the experimental modal survey to be 
successfully performed. It was also found that the lumped mass idealization for the reflector 
arrays had a beneficial effect on the overall numerical conditioning of the frequency extractions.
The platform mode shapes extracted from the refined model of the cluster were 
found to be similar to those extracted from the preliminary lumped mass model, and are shown 
in figures 4.24 to 4.28. The presence of two sets of identical dishes in the refined description 
posed difficulties in the extraction of the cluster’s platform modes, because the lowest modes 
of the dishes were developed at frequencies lower than those of the supporting platform. The 
problem was compounded by the number and symmetry of the dishes, with up to eight dish 
modes being developed simultaneously in certain instances. Such multiple mode sets span a 
subspace that is orthogonal to the space spanned by the remaining modes in the structure. 
However, the set of vectors that span this subspace is not unique, and can be selected 
arbitrarily. The ABAQUS program was therefore found to expend much effort in determining 
a set of subspace vectors for each group of modes developed by the dishes. These calculations 
usually required additional iterations to achieve full convergence, which consequently escalated 
the extraction costs.
Two strategies for analytically extracting the platform modes in the presence of the 
dish arrays were therefore examined. The first concentrated on substantially increasing the 
stiffness allocated to the dish elements in an attempt to increase their frequencies out of the 
range of interest; thereby ensuring the preferential development of the platform modes.
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However, the influence of the augmented dishes rigidity was found to be transferred to the 
platform through their supports, and hence served to increase its stiffness indirectly. The 
second method, which was found to be more successful, involved the use of the windowing 
facility in the ABAQUS extraction technique to determine the groups of modes developed at 
frequencies near those extracted from the lumped mass approximation model. It was found that 
the accuracy of the refined FE model was especially sensitive to the degree of fixity assigned 
to the attachment configuration between the dishes and platform. Indeed, the stiffness of these 
locations was seen to govern the modal behaviour of the platform to a considerable extent.
An examination of the impact hammer modal survey FRF spectra in figures 3.14 
to 3.17 reveals them to be of generally poor quality. The reason for this reduction in quality 
lies in the characteristics of the energy distribution imparted to the supporting platform by the 
transient impact loads. Under such baseband loading, the response of the entire cluster 
contained rigid body mode components. The inertial rigid body displacements of the platform 
therefore acted as a base excitation source for the attached dishes. Hence the motions of the 
platform indirectly served as a secondary mechanism to excite a vibrational response in the 
dishes. This explanation is consistent with observations made during the transient surveys 
which revealed that the array of dishes constituted a rich source of modal activity in the 
system. The development of such activity could be avoided if the dish frequencies were 
increased to beyond the limit of the load spectrum imparted by the platform. For the above 
reason, it was decided to abandon the transient loading technique in favour of a stimulus with 
which one could selectively avoid rigid body modes in the response of the system. It should be 
noted that this behaviour is not confined to unrestrained structures, as is evident by the 
response of earthed structures under seismic loading.
The benefits of using the sine-dwell stimulus for the cluster’s survey can be seen 
clearly in figures 3.19 to 3.23. This set of tests succeeded in extracting good quality estimates 
of all the platform’s lowest modes. The near-unity valued coherence functions consistently 
obtained throughout these tests serve to justify the selection of this technique for the survey 
of the structure. Although often regarded a slow test method, the small range of low 
frequencies over which it was applied was found to make it faster than comparable random 
noise source tests. Very good correlation exists between both sets of experimental results which 
signifies that, although the quality of its resulting FRFs was inferior, the transient test was 
nevertheless effective in eliciting a modal response from the system. The agreement obtained 
between the test results also indicates that the mass of the impedance and vibrator heads in 
the sine-dwell test did not unduly influence the structure during testing.
Good agreement is seen in table 5.4 between analytical predictions and experimental 
results for all modes except mode number 8, the first bending mode of the platform. A possible 
explanation for this discrepancy is that the orientation of the model had a detrimental effect 
on the development of this mode, although a similar effect was not found in the platform 
modes. Alternatively, it is possible that dish modes, rather than the platform mode, were 
stimulated in both types of survey. Corroboration for the latter explanation has been found in 
specific sine-dwell tests, which concentrated in isolating this mode. These out-of-plane tests
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were found generally to result in exciting dish resonances, which masked the response of the 
platform, and effected a reduction in the coherence function estimates of the spectra in this 
frequency range. However, whereas the inertial loading of the dishes by the platform could not 
be avoided during the sine-dwell test, it was nevertheless more effective than the transient test 
in inhibiting the response of the dishes during the cluster’s survey.
5.3 Anisotropic Characterization for Composite
A transient modal survey was carried out on a length of glass reinforced PES tube 
and its resonant frequencies were compared with a set of frequency extractions from its FE 
models. These models utilized three types of material description for the composite’s stiffness 
characteristics. This was carried out to determine the level of anisotropy required to define the 
dynamic behaviour of the composite accurately. The frequencies obtained from the modal 
survey and the FE extractions are presented in tables 3.8 and 4.7, respectively, and compared 
in table 5.5.
5.3.1 M aterial Constants o f Composite
A very small value was obtained for the minor Poisson’s ratio, v21, of the glass 
composite, indicating the disparity in the reinforcement of these directions, and hence its 
calculation was very sensitive to variations in the test technique applied. This was found to 
apply to the calculation of the material values in general, and it emphasizes the potential value 
of an isotropic approximation for the composite member in which the governing moduli would 
be obtained from the results of tests on larger members, rather than from small scale coupons.
Difficulties were also encountered in the experimental modal survey of the 
unrestrained member. The high levels of energy imparted to the f i r s t  sejco~cL 
s I bending modes by the lightweight hammer resulted in their contributions dominating
the modal response of the structure. The member was supported at node points for the
mote.) excited at a node for its fundamental, and its response was detected at a node for 
its seco/Jl mode. These vectors suppressed the lowest two modes in the response and
allowed a meaningful estimate of the Kv»VA bending mode to be obtained.
Nevertheless, although observed in the accelerometer response FFT, an FRF representation was 
not obtained for this mode because of the low levels of energy imparted by the hammer at this 
frequency.
5.3.2 Finite Element Modelling
The prescription of anisotropic material properties of necessity restricts the number 
and types of elements that can be assigned to modelling composite structures, and serves to 
complicate their description considerably. This also acts to increase the likelihood of errors 
being made in defining the characteristics of these structures and further emphasizes the
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potential advantages inherent in the use of an isotropic description for the composite material. 
An additional disadvantage encountered in the use of shell elements was the difficulty in 
effectively forming clustered joints for beams modelled using these elements in the development 
of two and three dimensional FE models.
It was found during the analyses that, as expected, increasing number of shells 
used to define the circumference increased the bending flexibility of the model. However, it was 
also observed that increasing the number of elements in each hoop had a stiffening effect on 
the model, which tended to increase its natural frequencies. It is believed that the refined 
description may have been sufficiently sensitive to reproduce the possible warping or JL;$k'*rb;  ^
of the tubular section whilst the beam deformed in its transverse bending modes. However, to 
economize on the size of the analytical description, and in consideration of the need for the 
model to only reproduce global deformational behaviour, a minimum number of elements were 
assigned to the circumference of the tubular beams.
5.3.3 Approximation Accuracy
It is seen from table 5.5 that the orthotropic description accurately modelled the 
first two bending modes of this short beam, with an error of 3.5% being associated with its 
estimate of the third bending mode.
This high level of agreement is seen to have been improved in the transversely 
isotropic description for the material. The modulus of elasticity for the plane of isotropy was 
defined by the E2 (hoop modulus) value and resulted in very accurate frequencies being 
obtained for the beam in this analysis. However, the similarity in results obtained for this and 
the orthotropic analysis indicates that the E2 value has little influence on the lower beam 
bending modes, which are dominated by the longitudinal modulus of elasticity value for this 
slender tubular geometry.
The very good agreement between experimental values and the transversely isotropic 
approximation is believed to be due to the high percentage of experimentally obtained material 
values used in the construction of the stiffness matrix (table 4.6). It is therefore considered in 
this instance that the transversely isotropic approximation is more appropriate than the 
orthotropic characterization for the description of these predominantly uniaxially reinforced 
composites.
While the isotropic approximation produced a highly accurate estimate for the 
fundamental bending mode pair of this beam this accuracy is seen, from table 4.6, to have 
quickly diminished as the order of the bending mode increased. The isotropic description 
applied to the predominantly uniaxially reinforced composite tube pre-supposes that its modulus 
of elasticity in both the hoop and radial directions is equal to that measured longitudinally. 
Hence, a considerable over-estimation of these moduli is associated with such a 
characterization. Among the explanations for this is the possibility that the model’s poor 
reproduction of the higher order transverse bending modes is due to the increasing participation
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of the hoop and radial moduli in the member’s actual bending stiffness characteristics. 
Additionally, as seen in chapter two, it has been found that increasingly large transverse shear 
deflection components are incorporated into the structures’ deflected shapes as they develop 
their higher harmonic transverse bending modes. Although the presence of shear deflection 
modelling capabilities in the assigned elements cater for such behaviour, it is believed that the 
isotropic approximation nevertheless reduces the accuracy of the description in modelling these 
influences in a structure’s higher order bending modes.
These limitations in the isotropic description are not considered to jeopardize the 
accuracy of the predominantly uniaxially reinforced skeletal LSS models described using this 
approximation for their member’s properties. As the ratio of the skeletal systems external 
dimensions to the length of its component members increases, the members become primarily 
subjected to axial strains as the structures deform to attain their lower global mode shapes. 
Insignificant amounts of local member bending will be incurred in the development of these 
modes, which will be exhibited at frequencies considerably lower than the local bending 
frequencies of the individual members. Although the deflected shapes of the structure may 
contain transverse shear deflection components, its members will not reproduce these effects 
whilst partaking in the modes. The assumption that the apparent material characteristics for 
this particular anisotropic material can, for uniaxial stress states, be accurately described 
using the above isotropic approximation, is therefore considered reasonable.
Although the applicability of this description is limited to the reproduction of lower 
order bending modes, the above isotropic approximation was applied in the modelling of all the 
graphite reinforced PES composite configurations examined in this study. The isotropic 
properties of the composite have been defined using the values of its modulus of elasticity in 
the longitudinal direction and its major Poisson’s ratio obtained from static tensile tests on 
sample tubular members. It should be noted that, whereas slight variations in the modulus of 
elasticity were found to effect an overall scaling of a structure’s frequencies, the frequency 
separation between its higher order modes was governed to a considerable extent by the value 
assigned to its Poisson’s ratio.
5.4 Graphite Composite Structures
5.4.1 Single Beam
The mode shapes extracted from the refined model, as shown in figures 4.29 to 4.31, 
are seen to follow the classical predictions for a uniform prismatic beam. The symmetry of the 
tubular section has resulted in the FE model developing two orthogonal shapes for each of its 
transverse bending modes. The roving accelerometer was positioned at a distance of 50 mm 
from the centre line of the beam and was near the anti-node for the fundamental and higher 
even orders of the transverse bending mode. It therefore had a significant effect on these 
modes, whereas its influence on the odd was negligible, as can be seen in
a comparison of frequencies extracted from the preliminary and updated models in table 4.8.
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This illustrates the difficulties encountered when instrumenting a structure for mode surveys 
and indicates that it may be best to avoid placing the accelerometer near the anti-nodes of 
modes to ensure that the characteristics of these modes are not unduly disturbed by the mass 
of the transducer.
An examination of the FRF spectrum in figure 3.27, which had an excellent S/N 
ratio, immediately reveals that its response is characterized by the very low damping of its 
modes. The resolution of the FRF spectrum was insufficiently high to accurately establish the 
modal damping ratio values although they are estimated to be of the order of 0.5% to 1.0% of 
critical damping for this material. However, such low damping implies that, from equation 
(3.4), little difference exists between the resonant and natural frequency values for these modes, 
and hence it is reasonable to compare their resonant frequencies directly with the analytically 
obtained values.
The composite member was found to be considerably more suitable for modal testing 
than the perspex structures tested previously, and its receptiveness to transient stimuli can be 
gauged by the absence of rigid body modes developed whilst resonating, which can be seen in 
an examination of figure 3.27. This allowed the close matching of the recording equipment to 
the response waveform. The spectrum also reveals slight evidence of energy leakage at the 
fundamental and first harmonic modes which is a consequence of the lightly damped response 
not being completely dissipated at the end of the time record.
Another feature of note in this spectrum is the presence of a sudden drop in CAtr** 
i at the peak of the JrkiVA mode. Possible explanations for the development
of these -tosses , which are not considered to affect the overall integrity of the spectra,
include that they signify a measure of interaction between the structure’s modes and the 
suspension system. However, it is believed that such interaction should be more prominent 
for the lower frequency modes because of the larger amplitudes of their vibrations, especially 
under transient baseband stimuli. Alternatively, the development of this phenomenon may 
indicate an insufficiently high spectrum resolution which consequently results in a 
misrepresentation of the abruptly changing response power levels at these resonances. 
Corroboration for this may have been found in the coherence function for the FRF, but such 
a function could not be obtained for the unaveraged data sets. Attempts to increase the 
resolution of the spectra satisfactorily in transient analyses using the ACQUIRE software has 
proven to be quite difficult. Refining the resolution by transforming a larger data blocksize may 
lead to increased noise levels caused by the processing of additional ambient signals in the 
waveforms. Also, extending the sampling interval may, in the absence of analogue anti-alias 
filters, inadvertently cause aliased products to be introduced into the digitized data. The 
presence of noise in the input signal is also ruled out as a possible candidate because the 
feature originates in the accelerometer response waveform. However, it is considered most 
likely that the reason for the development of the a a * ^  J> oss  lies in the ability of the 
structure to develop multiple modes for that frequency which results in a transfer of energy 
from the detected mode to its orthogonal dual(s). Whereas the previously examined perspex 
structures also contained multiple modes, it is possible that fabrication tolerances associated
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with their manufacture ensured that the modes were sufficiently separated to prevent the 
development of this phenomenon.
The agreement between analytical and experimental frequencies in table 5.6 is 
found, as expected, to be particularly poor for the higher bending modes. In the
absence of any major geometrical influences, the poor correlation between analytical and 
experimental frequencies for the graphite beam probably originates in the limitations of its 
isotropic material description. Although the graphite reinforced beam is twice the length of the 
glass composite beam, and despite their differing material constants, it is seen from table 5.5 
and 5.6 that similar magnitudes of errors are associated with the modelling of their bending 
modes. This indicates that both types of composite develop similar modal tendencies and it 
serves to substantiate the assumptions made in the selection of the glass composite tube for 
the anisotropic characterization studies. It is considered that the slight general improvement 
in estimates obtained for the graphite tube is a result of the decreased contributions of 
transverse shear deflection effects in this longer length of beam. It is evident from tables 5.5 
and 5.6 that the accurate modelling of such a length of beam would ideally involve, if the 
required moduli could be obtained, a transversely isotropic or orthotropic description for its 
stiffness characteristics.
5.4.2 Lapped Beam
It is seen from tables 4.8 and 4.9 that the presence of the accelerometer has a 
slightly reduced effect on the modes developed by the lapped beam model. This is because of 
both the increased mass of the beam and also the position at which the accelerometer was 
located. An examination of figure 3.28 reveals that, as in figure 3.27, the S/N ratio is high and 
the resonances are very lightly damped. However, in contrast to the previous FRF, the large 
spike near 0 Hz indicates that a considerable rigid body mode component was developed in the 
response of this beam to the applied excitation. No observable difference in the damping for 
these modes can be ascertained between the FRF spectra in figures 3.28 and 3.27, and this 
indicates that the lapped joint has not significantly contributed to the modal damping of the 
structure.
A considerable improvement is seen in table 5.7 in the level of agreement obtained 
between experimental and analytical frequencies for higher modes of the lapped beam in 
comparison to that for the single beam. It is considered that this is due to the continuing 
significant influence of the longitudinal modulus of elasticity in the development of these higher 
modes, and also to the diminished contribution of transverse shear deflection components in 
the mode shapes of this longer beam. This agreement indicates that very good accuracy can 
be obtained for modes higher than the fundamental bending mode of a slender orthotropic 
composite member using an isotropic approximation for its stiffness characteristics. It also 
reveals that the lapped joint has been adequately accounted for in the FE description of the 
beam, and that the joint has developed a stiffness at least equal to that of the beams it joins.
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5.4.3 Lapped Beam  w ith E nd  Caps
From a comparison of tables 4.10 and 5.8, it is seen that the accuracy of the 
frequencies extracted from the refined, distributed mass model is considerably improved over 
that obtained from the preliminary, lumped mass approximation for the end caps in the beam, 
the difference in estimates being over 10% for the HmVJL mode. The near-constant
error associated with the refined model in reproducing both the beam’s symmetric and 
asymmetric modes is regarded as being a feature of the refined description which assumed a 
uniform distribution of mass for the end caps. This sensitivity illustrates the need for detailed 
characterization of the end caps in situations where they are expected to participate 
substantially in the modal behaviour of the structures.
The transient excitation of this structure was seen to induce considerable levels of 
rigid body modes in its response during testing. Evidence of this is found in figure 3.29, where 
these rigid body modes are indicated by the powerful and negligibly damped spikes developed 
near zero Hz. The diminishing power of the hammer impact at higher frequencies is revealed 
in the progressively decreasing signal-to-noise ratio with increasing frequency. The existence 
/ f 414* is seen in all three of the lightly damped resonances in this spectrum, with the 
bending mode being particularly affected. The slight indication of activity 
discerned at 44 Hz is not considered to represent a global transverse bending mode. The 
possibility of this being an aliased product has been dismissed because of the precautions taken 
in sampling the signals (table 3.1). The activity may be due to local interactions between the 
structure and its suspension or, more likely in view of its damping component, a torsional mode 
developed by this dumbbell-type structure. Such a torsional mode would not be reflected in the 
corresponding FE analysis at this frequency because of the one-dimensional description assigned 
to the structure’s model.
5.4.4 Crimp-Bonded Beam w ith E nd Caps
The frequencies extracted from the two models of this structure, and shown in table 
4.11, indicate that the refined description more accurately represents the modal behaviour of 
the structure than does the preliminary model. Once again, the calculated frequencies imply 
that the presence of the lumped masses on these individual beams is best modelled using a 
distributed mass approximation. The resonances in figure 3.31 are very lightly damped, and 
the and modes are again seen to be particularly affected by
The apparent similarity of the damping in this structure with that of the lapped 
beam with end caps, and its consistency over all the modes, suggests that the crimp-bonded 
joint, like the lapped joint, does not significantly contribute to the damping of this structure.
Replacing the lapped joint in the previously examined structure with a crimp-bonded 
joint is seen in tables 5.8 and 5.9 to effect an overall lowering of the ' an(j f^ UincL
frequencies in the beam, and these modes are accurately predicted in the analyses.
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The crimp-bonded joint displaces in the development of the first and ktcjkes- ^  modes and 
it is apparent in table 5.9 that these modes are not as accurately modelled as the even 
modes. Therefore, although the stiffness of the joint is adequately accounted for, its 
mass appears to have been slightly under-estimated in the description. It is noted that the 
central location of the joint is ideal for optimizing the first and higher odd-* .*^* '"^
bending modes because the increase in stiffness and inertia provided by the joint is located at 
an anti-node for these modes, and thereby tends to increase their frequencies and optimize the 
beams modal efficiency. Consequently, it is seen that the increase in mass is countered to a 
certain extent by the corresponding increase in stiffness provided by the joint. The two effects 
are seen to negate each other in this structure, and so the resulting difference in the modal 
behaviour of the lapped and crimp-bonded structures is relatively small.
Both the lapped joint and the crimp-bonded joint are seen to develop the required 
level of stiffness for the satisfactory performance of the structures in which they find 
application. The two types of joint are also found to contribute negligible amounts to the modal 
damping exhibited by the structures and it is anticipated that the existing very low damping 
characteristics of the composite material will undoubtedly necessitate the incorporation of 
additional active and passive damping measures for the control of vibrations in the intended 
large skeletal structures. Each of the joints is considered to be suitable for a particular role. 
The lapped joint would find best application in situations where it is subjected to low levels 
of strain and when the optimization of mass is critical. The crimp-bonded joint would be best 
suited for use when strength is of paramount importance and also, perhaps, in cases where the 
fundamental local beam bending mode of particularly long members in skeletal systems are 
required to be optimized, although it is recognized that such an optimization might 
inadvertently act to reduce the global mass efficiency of the LSS.
5.4.5 Triangle
Good agreement is seen to have been obtained between the analytical and 
experimental frequencies in table 5.10 for all modes of this structure, with the exception of 
mode numbers 7 and 8. An examination of the mode shapes in figures 4.35 to 4.43 shows that 
the lowest modes of the model are developed out-of-plane, and this is a feature consistent with 
the relatively low inertia of the two dimensional structure in this direction. The similarity 
between the poor agreement of these modes and that of mode number 8 for the perspex cluster 
(table 5.4), which was also developed as bending out-of-plane and at a similar frequency, tends 
to suggest that the adopted suspension system may indeed have interfered with its 
development, although support interactions would have been expected to increase, rather than 
decrease, the frequency of the affected mode.
Mode number 12 for this structure is significant in that it corresponds to the 
fundamental fixed-ended bending mode of the individual arms of the triangle. This is a feature 
of certain symmetric systems and first occurs at a frequency corresponding to the fundamental 
bending mode for a similar beam of equal length under fixed and also free-ended conditions.
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Attention is drawn to the frequency of the fundamental bending modes of the unrestrained 
lapped beam (table 5.7), where the similarity in frequencies is evident.
The resonances in both of the spectra in figures 3.33 and 3.34 are very lightly 
damped and have good S/N characteristics, although a slight leakage of energy is apparent at 
the first in-plane mode in figure 3.34. By the uniqueness of the resonances in each of the 
FRFs, the spectra clearly demonstrate the orthogonality of the modes developed in this 
structure. In general it is found that the in-plane modes are more accurately modelled than 
the out-of-plane modes, and this is possibly due to the translational participation of the end 
cap vertices in the latter type of modes.
5.4.6 Pyram id
An inspection of table 5.11 reveals the high level of symmetry embodied in the 
pyramidal configuration, evident through the development of multiple sets of modes by its FE 
model. This structural symmetry is further emphasized by the existence, as mode number 15, 
of a deflected shape which constitutes the fundamental fixed-ended bending mode of the 
members in the structure. This has a similar frequency to that of the fundamental mode of the 
lapped beam, as seen in table 5.7. In general, therefore, the pyramidal structure can be 
regarded as a suitable configuration for the initial study of local member modes in a three 
dimensional tetrahedral system.
The mode shapes developed by the pyramid model are plotted in figures 4.44 to 
4.55. It is seen that they are characterized by a lack of substantial vertex displacements in 
their development, and this explains the very good agreement associated with the use of a 
lumped mass approximation for the end cap vertices in the model of the structure. Equally 
importantly, the mode shapes also indicate that the FE isotropic description is capable of 
modelling the torsional deformations developed by the composite members. An examination of 
the FRF plotted in figure 3.35 shows that, like all of the less complex configurations of 
composite members examined to this point, the resonances are possessed of very low modal 
damping ratios.
5.4.7 Three-Way Double Layer Grid
The FRF in figure 3.37 shows the resonances of this structure to be closely spaced 
and to have similar damping to those obtained for the previously examined composite 
structures. The frequencies of the structure’s lowest modes, coupled with their close spacing, 
tends to suggest that a vibrator-based survey technique may have been more suitable than the 
transient test in this instance. Nevertheless, the transient test was successful in verifying the 
existence of the modes.
In contrast to the good agreement seen in the examination of the two metre 
pyramid (section 5.4.6), the relatively poor correlation obtained between experimental and 
analytical results for the single composite beam (section 5.4.1) is seen in table 5.12 to be
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continued for this assembly of one metre length beams. The FE description has consistently 
produced higher estimates for the structure’s modal frequencies, with the predictions being in 
error by over 7% for the twelfth and higher modes. This indicates that the isotropic 
approximation for the predominantly uniaxially reinforced composite in the structure is overly 
rigid. An examination of the modes developed by the model, plotted in figures 4.56 to 4.63, 
shows that the sparsity of its configuration has resulted in the shapes being developed through 
considerable deformation of the individual members. The curvature of the members in these 
modes suggests that the hoop and radial moduli of the composite may play a significant role 
in their development. Also, the relatively short lengths of the members may give rise to a 
considerable transverse shear deflection component in the higher order modes of this system. 
The combined effect of these influences is to reduce the effectiveness of the isotropic 
approximations in describing the behaviour of this composite material. It is also seen from the 
modes that this structure is suitable for examining the local bending behaviour of members in 
multi-bay tetrahedral systems, with its larger configuration more accurately reproducing the 
constraints applied to the internal members in such configurations than is possible with the 
pyramidal structure.
The nodal cluster joint deflections contribute little to the structure’s modes and, 
similarly to the pyramid, this explains the adequacy of the lumped mass approximation for 
these joints in its model. In general, it has been seen in the behaviour of these composite sub- 
assemblies that as the participation of end cap joints in the modal behaviour of the sub- 
assemblies decreases, their presence can be accurately represented by means of a lumped mass 
approximation. Similarly, the applicability of the approximation is expected to be maintained 
for the description of joints in LSS systems, albeit for slightly different reasons. The joints, 
being a fraction of the LSS dimensions, are not expected to contribute significantly to the 
inertia of the structure. Their sole purpose in the LSS is to provide suitable attachment points 
for the pinned members, and therefore they will not be required to contribute to the stiffness 
of the configurations. Hence the mass of the joints will be the only characteristic that will 
influence the modal behaviour of these structures. Additionally, if the joints are relatively 
lightweight and are uniformly dispersed throughout the structures, the presence of these joints 
may be neglected as a reasonable first approximation in the LSS parametric analyses.
The use of the isotropic approximation for the material moduli of predominantly 
uniaxially reinforced composite has resulted in an acceptable level of agreement being obtained 
between the modal behaviour of this structure detected experimentally and predicted 
analytically. It is believed that investigations into more complex configurations, in which the 
lowest modal behaviour is dominated by global deformations such as in the set of perspex 
structures previously examined, would reveal a much increased agreement associated with the 
use of the isotropic description for the composite material.
It has been shown that both the suitability of the isotropic approximation for 
describing the material properties of predominantly uniaxially reinforced composites and the 
reduced necessity to model cluster joints are attributes associated with multi-bay, skeletal space
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structures. These two configuration complexity-driven features can be used to significantly 
reduce the size of description required in modelling such large space systems.
5.5 Param etric Composite LSS Models
5.5.1 Hexagonal Ring
An examination of figures 4.65 to 4.70 shows that mode numbers 7 and 8 are 
developed out-of-plane through the parallel translation of two opposing vertices, with the 
remainder of the LSS deforming accordingly. The similarity of frequencies and generalized 
masses of these modes reveals the near-symmetry present in this structure. Considerable 
torsion of the arms is incurred in the development of these modes, which have their analogues 
in the modes of similar hexagonal plate structures.
Mode numbers 9 and 10, although not identical, have the same frequencies and are 
developed within the plane of the model. Both are seen to involve bending of each of the arms 
about an axis normal to the plane of the structure, with very little torsion being induced in 
the process.
Mode number 11 is developed through the alternate translation of each of the 
vertices in the out-of-plane direction. Considerable torsion of the arms is again incurred and 
this mode can be seen to be a higher development of mode numbers 7 and 8.
An examination of mode number 12 reveals that it is formed by the out-of-plane 
bending of the arms of the ring with an insignificant amount of torsion being induced in the 
structure. If the LSS was to be unfolded and represented as a straight line, it would be seen 
that this mode is developed as three full standing waves whose node points are coincident with 
the six vertices of the hexagonal ring structure.
An inspection of the maximum dynamic modal deflections induced under a modal 
loading of one Newton indicates that active control measures provided in the LSS would have 
to fulfil two distinct functions. Firstly, the potentially infinite global displacements of the 
unrestrained structure under 'i«\f>+cb - excitation would require specific counteracting control 
to ensure the structure held its required orbital course. The second purpose of such control 
thrusters would be to dampen the structure’s vibrational responses to such stimuli.
It is seen in table 4.15 that the frequencies of mode numbers 7 and 8 are 
approximately one half those of the next highest modes in the LSS. Although the fundamental 
frequencies of this essentially two-dimensional structure could be optimized to a certain extent 
by increasing the torsional rigidity of the arms, it is unlikely that a change in the order of 
modal development could be precipitated by this action alone. The considerable difference 
between the frequencies of the lower modes also indicates that the available stiffness and 
mass has not been optimally distributed throughout the structure. Additionally, it is seen that 
the non-prismatic cross-section of the arms, in conjunction with their 120° intersections a t the 
vertices, may be responsible for inducing the considerable levels of warping and torsion 
observed in the lower modes of this system. Accordingly, further examinations of the three­
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way double layer grid configuration for use in fabrication of the arms of such LSS were not 
pursued. However, the insight gained from the analysis of this structure proved to be of 
significant benefit in the development of the clustered LSS configuration for investigation.
5.5.2 Three-Way Double Layer Grid Reflector
The asymmetric distribution of nodal degrees of freedom in the continuum analogy, 
resulting from both three and four node elements being used in the model, is seen in figures 
4.72 and 4.73 to have incurred a slight frequency separation of mode numbers 7 and 8 in the 
frequency extraction analysis. The total mass of the equivalent shell is marginally greater than 
the skeletal system it replaces. This is an indication of the inability of the analogy to represent 
the reduced configuration of the tetrahedral reflector at its edges. However, the mass increase 
in these regions is offset by an increase in stiffness, and hence the overall effect of this 
deficiency is seen to be small. It is also observed in table 4.16 that, although good agreement 
is obtained between the frequencies extracted from the slab analogy and exact modelling of the 
system for most of its lowest modes, the analogy’s estimate for mode number 10 is in error by 
nearly 9%. An examination of the corresponding mode shape in figure 4.75 reveals that coupled 
bending and torsion is involved in its development. It is suggested that the inability of the 
continuum to accurately reproduce this shape lies in the invariant Poisson’s ratio value 
provided in the analogy. Whereas selection of a ratio obtained from the members of the 
structure might result in a higher level of agreement for this mode, the value that the ratio 
would assume was not established in this investigation. It is also seen in a general comparison 
of the reflector modes with those developed by the LSS hexagonal ring that similar traits are 
to be found in their fundamental transverse modes (figure 4.65 and figure 4.72). This is not 
an unexpected tendency in view of the remote similarity between these structures.
Continuum analogy meshes of varying densities were generated and analyzed to 
assess their effects on the accuracy of the approximation. It was found that the most accurate 
description was obtained using the mesh density whose results are tabulated and that a 
deviation from this density yielded frequencies further from the exact solution. It is considered 
that the accuracy associated with the selected mesh was due to the correct matching of the 
shell interpolation functions with the ability of the pin-jointed skeletal bays to deform in the 
hexagonal structure. It also shows that indiscriminate apportioning of elements in such an 
analogy model should be avoided. Additionally, in assessing the appropriateness of the 
continuum analogy for skeletal structures using thin shell elements, account should be taken 
of the necessary integrations of the shell attributes in the process of formulating their element 
matrices. The extra calculations required in each analogy analysis may not have been 
associated with the skeletal members that the shells replaced.
Despite the poor agreement obtained using this analogy for mode number 10 of the 
multi-bay tetrahedral structure (figure 4.75), the otherwise consistently high accuracy of the 
approximation (table 4.16) in reproducing the modal behaviour of the system has demonstrated
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that the modal behaviour of three-way double-layer grids in the form of hexagonal dishes can 
be accurately described using an equivalent continuum analogy approximation.
5.5.3 Cluster o f Reflectors
The similarity of the global mode characteristics of the LSS cluster to those of both 
the perspex platform (section 5.2.3) and the base of the perspex cluster (section 5.2.4) is 
apparent from figures 4.79 to 4.81. Mode number 7 for the LSS is developed out-of-plane 
through torsion about its transverse axis. This also corresponds to the first vibrational mode 
developed by the above-mentioned perspex structures. Similarly, the second and third 
vibrational modes for the LSS are developed out-of-plane; with mode number 8 involving 
bending about its transverse axis, and mode number 9 being a 0f  the torsional
mode developed as mode number 7. Both of these modes are also seen to have their analogues 
in the modes of the perspex platform and perspex cluster base.
It is seen from tables 4.17, 4.18, and 4.19 that moving the coordinates of the LSS 
dish centres of mass towards the plane of the platform produces a relatively minor change in 
platform frequencies. This indicates that use of flat dishes, which can be packaged and 
deployed more easily than their parabolic counterparts, could be considered viable alternatives 
in the optimization of the cluster’s modal behaviour. If necessary these flat plates could be used 
to support outstands which would develop the required parabolic surfaces for the reflectors or, 
alternatively, the plates could be used in phased array antenna reflector systems. The errors 
associated with the use of flat plates (table 4.19) to model the parabolic reflectors (table 4.17) 
are seen not to exceed 3.1% and indicate that flat plates may reasonably be used, as a first 
approximation, to model the parabolic reflectors in LSS clusters.
A comparison of the lumped mass approximation results in table 4.20 with those 
for the corresponding cluster in table 4.17 reveals that errors not exceeding 9.1% in the 
estimates of the modal behaviour of the structure may be obtained using this approximation. 
As seen in table 4.5, similar error magnitudes were incurred with the use of a lumped mass 
approximation in modelling the array of reflectors on the perspex cluster. The extracted 
frequencies are either overestimated or underestimated in this approach depending on the 
participation of the dish inertias in each mode. Similar tendencies have also been observed 
when using point masses to model the flat plates in this LSS cluster. In both investigations, 
however, a significant deterioration in the estimates of the modal behaviour of the 
configurations accompanies the modelling of the parabolic reflectors as point masses rather than 
as equivalent flat plates, as can be seen from tables 4.19 and 4.20.
A maximum of six vibrational frequencies were extracted from each LSS variant to 
economize on the costs and filestore requirements incurred in the analysis of these veiy large 
models. It is seen from each of the tables that, whereas the first five corresponding Rectors 
converged within the number of iterations allotted in each analysis, the sixth and final vector 
extracted was found to be considerably ill-conditioned. This is in keeping with the previously 
observed convergence rates of eigenvectors in frequency extractions, as reviewed in chapter two.
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Also, being the last vector extracted, the ill-conditioning is perhaps partly attributable to the 
vector not being sufficiently orthogonal with respect to the existing vectors defining the 
subspace of the structure. Requesting a larger number of values in the analyses would have 
resulted in the succeeding vectors serving to condition this mode shape into convergence, and 
also, the larger subspace required would result in more accurate estimates for the eigenpairs. 
However, the costs of such large analyses would have quickly become prohibitive. Consequently, 
the generalized mass was not calculated for mode number 12 of each configuration, and the 
associated nominal dynamic deflection for this mode was not estimated.
An overall comparison of the estimated deflections under a dynamically applied 
nominal modal loading of one Newton for the first four modes of the rim-stiffened cluster (table 
4.21) with those in its direct predecessor (table 4.17) shows that a reduction in amplitude of 
up to 52% accompanies this optimization of the cluster’s modal behaviour. This trend is not 
maintained for the deflection of mode number 11, which is seen to increase as its frequency 
is maximized. However, from the significant reduction in generalized mass of this mode in the 
rim-stiffened cluster and the adjacency in frequency of mode number 12, it is suspected that 
a switching of these modes has occurred, and hence mode number 11 in table 4.21 cannot be 
directly compared with its counterpart in table 4.17.
By making full use of the available dish stiffness to increase the rigidity of the 
supporting platform, the results show that a significant improvement in the modal behaviour 
of the cluster can be brought about. This is a most effective method to optimize the behaviour 
of the cluster and is seen to be especially applicable to LSS containing large diameter reflector 
dishes. Further optimization efforts would most probably be best concentrated on increasing the 
fundamental frequency of the cluster by providing additional torsional stiffeners in selected 
regions of the platform’s arms.
5.6 Tabulated Comparisons of Experimental and Computational Results
Table 5.1: Perspex Cube 
Mode Number
7 8 9 10 11 12 13
Transient 
Survey(Hz)
49.83 50.61 108.44 117.65 126.94 126.94 128.95
ABAQUS
(Hz)
49.31 51.63 105.05 119.42 125.75 125.83 128.89
Difference
(%)
-1.0 +0.0 -3.1 +1.5 -0.9 -0.9 +0.0
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Table 5.2: Perspex Arm
Mode Number
7 8 9 10 11 12
Transient 
Survey(Hz)
46.65 48.36 62.33 62.33 70.12 79.62
ABAQUS
(Hz)
46.67 48.38 62.07 62.07 71.31 79.70
Difference
(%)
+0.0 +0.0 -0.4 -0.4 -1.7 +0.1
Table 5.3: Perspex Platform 
Mode Number
7 8 9 10 11
Transient 
Test (Hz)
23.70 44.09 53.03 61.34 67.60
ABAQUS
(Hz)
24.60 44.13 52.81 62.96 67.41
Difference
(%)
+3.8 +0.1 +0.4 +2.6 -0.3
Table 5.4: Perspex Cluster
Mode Number
7 8 9 10 11
Transient
Survey
Resonance. 
Freq. (Hz)
11.84 22.58 34.42 36.38 40.52
Sine-Dwell
Survey
Natural 
Freq. (Hz)
11.31 22.52 34.91 36.85 40.22
ABAQUS Natural 
Freq. (Hz)
11.75 25.21 34.57 35.66 41.51
Difference (%) +3.9 +11.9 -1.0 -3.2 +3.2
Table 5.5: Glass Composite Beam
Description
Fundamental
Mode
(Hz)
Sec»Af(.
Mod*-
(Hz)
TUCreL 
M«d*— s
(Hz)
Modal 474.8 1206 2080
Survey
Orthotropic 474.8 1211 2153
(+0.0) (+0.4) (+3.5)
Transversely 473.5 1208 2148
Isotropic
(-0.3) (+0.2) (+3.3)
Isotropic 476.2 1266 2371
(+0.3) (+5.0) (+14.0)
(% Differences with Respect to Transient Survey)
Table 5.6: Graphite Composite Beam
Mode Number
7, 8 9, 10 11, 12
Transient 
Survey (Hz)
202.15 534.70 943.60
ABAQUS
(Hz)
201.77 560.18 1060.3
Difference
(%)
-0.2 +4.8 +12.4
Table 5.7: Lapped Composite Beam
Mode Number
<i 00 9, 10 11, 12 13, 14
Transient 
Survey (Hz)
49.80 138.70 262.20 421.80
ABAQUS
(Hz)
48.53 133.61 2 62.34 424.77
Difference
(%)
-2.6 -3.7 +0.1 +0.7
Table 5.8: Lapped Composite Beam with End Caps
Mode Number
7, 8 9/ 10 11, 12
Transient 
Survey (Hz)
22.34 81.05 169.40
ABAQUS
(Hz)
23.41 84.61 176.49
Difference
<%)
+4.8 +4.4 +4.2
Table 5.9: Crimp-Bonded Composite Beam with End Caps
Mode Number
7, 8 9, 10 11, 12 13, 14
Transient 
Survey (Hz)
20.90 82.03 159.30 282.22
ABAQUS
(Hz)
21.97 82.23 165.86 282.45
Difference
(%)
+5.1 +0.2 +4.1 +0.1
Table 5.10: Composite Triangle with End Cap Vertices
Bending Mode Number
7 + 8+, 9+ 10“, 11“ 12“* 13“ 14+, 15+
Transient 
Survey (Hz)
22.20 25.15 29.05 48.50 84.96 84.70
ABAQUS
(Hz)
25.40 26.99 29.04 47.11 86.53 86.84
Difference
(%)
+14.4 +7.3 +0.0 -2.9 +1.8 +2.5
out-of-plane mode 
in-plane mode
Frequency of fundamental fixed-fixed / free-free bending 
mode for individual members in structure.
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Table 5.11: Composite Pyramid with End Cap Vertices
Mode Number
-j CD VO 10,11,12 13,14 15* 16,17,18
Transient 
Test (Hz)
29.80 30.52 31.00 49.56 50.00
ABAQUS
(Hz)
30.65 30.92 31.83 48.64 48.65
Difference
(%)
+2.9 +1.3 +2.7 -1.9 -2.7
Frequency of fundamental fixed-fixed / free-free bending 
mode for individual members in structure.
Table 5.12: Composite Three-Way Double Layer Grid
Mode Number
7 8, 9 10, 11 12, 13 14
Transient 
Test (Hz)
99.12 99.60 102.50 103.90 104.40
ABAQUS
(Hz)
102.25 102.92 106.87 111.44 112.42
Difference
(%)
+3.2 +3.3 +4.3 +7.3 +7.7
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6 Conclusions
6.1 Introduction
The modal characteristics of unrestrained skeletal configurations, ranging in 
complexity from a single member to a cluster of reflector arrays, have been investigated. These 
systems were constructed using either perspex or high technology graphite reinforced 
thermoplastic composite materials and formed representative sub-structures of possible LSS 
configurations. The evolution and development of both local member and global deformation 
characteristics in these structures has been examined both experimentally and analytically. The 
conclusions reached as to the suitability of the materials and geometries of the sub-structures 
investigated, and the applicability of the experimental and analytical techniques applied to their 
study, will now be given. This will be followed by conclusions arrived at on the overall trends 
established both in the modal behaviour of the sub-structures, and in the behaviour observed 
in the ensuing analytical parametric studies performed on three concept composite large 
skeletal structures.
6.2 Perspex Structures
The trend towards increasingly complex configurations in the family of perspex 
structures examined has allowed an investigation to be undertaken into the evolution of global 
modal behaviour in multi-bay skeletal systems. The influence of a member’s joint rigidity has 
been seen to rapidly diminish as the complexity of the structure’s configuration increases and 
their modal behaviour becomes increasingly dominated by their overall dimensions. The 
transition from a structure’s modal behaviour being dictated primarily by local member effects 
to it reflecting the global attributes of the system is seen to occur at a relatively low 
configuration complexity. Beyond this minimum complexity, the behaviour of the structure can 
be adequately described in terms of its global modes alone. Similarly, macroscopic structural 
influences have been found to reduce in importance as the scale of the systems increases, 
especially for structures of relatively low complexity. Both of these tendencies have resulted 
in improved agreement being obtained between analytical and experimental values as the size 
and, more importantly, complexity of the structures increases.
6.3 Perspex Material Description
All the perspex structures were accurately described using a single intermediate- 
frequency modulus of elasticity. This is despite the dependence of the material’s properties on 
the frequency of excitation and the wide frequency range developed by the configurations under 
test. It is believed that this may be a reflection of the possible additional dependence of the 
modulus of elasticity on the levels of strain induced in the material. These strains would 
normally be expected to be larger under low frequency loading. However, the transient modal
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surveys were found to induce modest strain levels for all frequencies in these comparatively 
rigid structures, thereby allowing the material’s modal behaviour to be defined using a single 
modulus value.
6.4 Composite Structures
In contrast to the perspex structures, the composite assemblies, whilst constituting 
representative sub-structures of the intended LSS configurations, did not attain sufficient 
complexity to allow global deformation modes to dominate their response characteristics. 
However, their testing allowed an assessment of the structure’s FE descriptions to be made and 
also exposed the latent limitations of the isotropic approximation applied to this orthotropically 
reinforced graphite composite material. The unrestrained symmetric triangular and pyramidal 
configurations were also found to be especially suitable for use in the investigation of the fixed- 
ended modal behaviour of their individual members.
6.5 Composite Material Description
An examination of material descriptions suitable for characterizing predominantly 
uniaxially aligned glass fibre composite tubes has been performed. It has shown that accurate 
estimates of the composite’s lower modal behaviour can be obtained by defining it as being 
orthotropically reinforced. Alternatively, a transversely isotropic approximation may be applied, 
and indeed many advantages have been found to be associated with such a description. In the 
absence of the material modulus values necessary for either of the above descriptions, it was 
found that the behaviour of the composite could be defined using an isotropic approximation 
for its stiffness characteristics.
The accuracy obtained using this description in FE analyses was found to be 
sensitive to the degree of curvature induced in the individual members whilst they deformed 
to adopt the mode shapes of the structure. In such instances the increased contribution of the 
composite’s hoop and radial moduli, whose values were substantially smaller than those in its 
longitudinal direction, to the development of these modes was not reflected by this isotropic 
characterization. However, this limitation of the approximation has been found to diminish as 
both the slenderness of the members and the complexity of the skeletal configurations 
increases. This latter tendency has been confirmed in the LSS parametric studies and arises 
from the lowest global mode shapes of the multi-bay skeletal systems developing primarily 
through axial straining of their component members. It is therefore considered that an isotropic 
material approximation for predominantly uniaxially reinforced tubes, using modulus values 
obtained experimentally, can accurately describe the behaviour of pin-jointed members in the 
state of uniaxial stress to which they are subjected in a multi-bay, large skeletal structure as 
it develops its lowest mode shapes.
A disadvantage inherent in the isotropic approximation is that it yields less accurate 
estimates of the composite’s behaviour in sparsely configured sub-structures than an ideal, fully
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orthotropic description. However, it is believed that this is outweighed by the considerable 
simplification in material definition associated with the use of the isotropic approximation, and 
this is a feature that can significantly reduce the complexity of large skeletal structure 
analytical descriptions.
An isotropic approximation was assigned in the material description of the 
predominantly uniaxially reinforced tubes of the composite sub-assemblies. Whereas errors of 
up to 15% have been encountered with its use in the frequency extraction analyses, the 
encouraging trends established have been towards improved agreement with experimental 
results as the complexity and slenderness of the skeletal configurations increases.
6.6 Cluster Joint Description
The influence of end caps or cluster joints on the modal behaviour of representative 
sub-structures has been found to be dependent on their participation in the development of the 
mode shapes of these systems. However, as revealed in the surveys of the three dimensional 
composite structures, their influence declines markedly as the structural complexity increases. 
Subsequently, their presence can be adequately accounted for using a lumped mass 
approximation, if necessary. The sufficiency of this reduced modelling for the description of 
the cluster joints in LSS allows a considerable reduction in the description of these very large 
systems to be achieved. Accordingly, the consistent accuracy of the FE descriptions in 
reproducing the experimentally verified modal behaviour of both the perspex and composite 
structures, coupled with the trends established in the investigations, indicates that considerable 
confidence can be placed on the analytical parametric studies of the intended composite LSS 
configurations.
6.7 Modal Survey Technique
The unrestrained support conditions approximated in the experimental tests were 
found to be successfully achieved with the suspension systems adopted. However, it was also 
seen that in certain situations modes developed against the support vectors resulted in the 
parameters of these modes being adversely affected. Nevertheless, these free-free conditions 
were found to allow a most accurate correlation of experimental and analytical behaviour to 
be made for the skeletal systems.
It has been found that full consideration should be taken of a structure’s modal 
characteristics when selecting a suitable survey excitation technique in its examination. In this 
respect the instantaneous excitation of the lowest modes of vibration by the impact hammer 
transient test made it very suitable for the modal surveying of the lightly damped composite 
structures. Additionally, impact testing of such systems was seen to be especially appropriate 
in view of the predominantly transient loading environment to which the intended LSS would 
be exposed under operating conditions. However, the baseband spectra obtained using the 
coupled with the restricted selection of sampling intervals on the digital
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recorder, resulted in this technique not being especially suited to determining the parameters 
of relatively high frequency modal behaviour in the composite structures. Also, the
characteristic baseband spectral distribution of energy imparted to structures using this
technique made it unsuitable for surveying the perspex cluster. Instead, the vibrator-based sine- 
dwell stimulus was found to be more suitable for such purposes because of its spectral 
windowing features and associated ability to avoid excitation of rigid body modes in the 
response of the structures.
The small frequency span survey of the perspex cluster was found to be adequately 
addressed by the sine-dwell test. It is considered that the optimum analogous sources for the 
vibrator-based testing the composite structures would most likely be random or transient in 
nature to avoid undue resonance of the lightly damped systems.
6.8 F.E. Analysis
In general, the investigation into the modal behaviour of both the perspex and
composite skeletal structures has revealed that the FE method is capable of accurately
reproducing both the local member and the global deformation modes developed by these 
unrestrained systems. The sensitivity of the predicted modal behaviour of these structures to 
the accurate description of their mass distributions has also been clearly established. It has 
been demonstrated in the study of the perspex structures that the results from FE time domain 
linear dynamic analyses can be expected to predict accurately the response of unrestrained 
skeletal systems to externally applied stimuli. Additionally, the benefits of performing a 
frequency extraction prior to undertaking a complete linear dynamic analysis has been 
highlighted. The multiple sets of identical flexible dishes clustered on a supporting platform 
seen in the perspex cluster have been found to present a rich environment for modal activity 
in clustered systems and consequently, these arrays can pose problems in their analytical and 
experimental examination. With regard to the elements assigned to the models, it has been 
found that they should possess adequate shear deflection modelling capabilities, especially for 
the extraction of higher order modes. The accuracy of all the analyses has been found to be 
governed by this feature to a considerable extent.
6.9 Composite LSS Parametric Studies
The modal behaviour developed by the hexagonal skeletal LSS has emphasized the 
need for the allocation of prismatic cross-sections to the structural configurations of LSS, 
thereby inhibiting the development of coupled bending and torsional modes in the system.
The application of a continuum analogy in the analysis of a large multi-bay 
repetitive skeletal system has been found to yield close approximations to the actual behaviour 
of the structure. A possible limitation of this analogy, however, is considered to be its use of 
an invariant isotropic Poisson’s ratio value, regardless of the material from which the skeletal 
system is manufactured. It is believed that the analogy might more accurately reproduce the
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structure’s modal behaviour if a more suitable ratio was used, preferably one obtained from 
experimental tests on the material.
The analyses have served to highlight the need for the correct matching of both the 
shell formulations to the capabilities of the analogy, and the shell interpolation functions to the 
ability of the pin-jointed members to deform in these large skeletal systems. It has been found 
that, regardless of size, the appropriateness of a continuum analogy to modelling a skeletal 
system increases as the discrete configuration becomes more complex. Similarly, the 
contribution of local member vibrations to the lowest modes of a skeletal configuration has been 
seen to reduce as the complexity of the structure increases. Hence it can be inferred that the 
aptness of the continuum analogy for such modelling lies in its capability of reproducing the 
modal behaviour of a system characterized by a negligible contribution of local member modes 
to its overall modal behaviour. It also suggests that the dynamic behaviour of any skeletal 
structure which is suitable for description using a continuum analogy can be accurately 
described in the modal domain using a selected set of its lowest global mode shapes.
The optimization studies performed on the composite LSS cluster have revealed that 
supporting the reflectors near to their centres does not take full advantage of their inherent 
rigidity and, in addition, requires substantial mounting supports and pointing systems to be 
provided for the arrays. Instead, the arrays and supporting platform in an LSS cluster should 
be regarded as a complete entity, with the arrays lending an additional measure of rigidity to 
the platform through their supports. Hence, it has been found that the allocation of supports 
at the rims of the large parabolic reflectors, which are more rigid than the supporting platform, 
significantly enhances the modal behaviour of the candidate configuration. This is despite the 
LSS cluster’s lowest modes being developed exclusively through the platform arms. It has also 
been established that the trends in the modal behaviour of the LSS cluster predicted by 
analysis were very similar to those detected in the perspex cluster. This signifies that the 
fabrication and testing of a reduced, yet representative, modelling of the intended configuration 
can be most instructive as to the modal behaviour of the intended LSS. The frequencies 
developed by the LSS cluster have been seen to be of comparable to those of a 300 metre 
parabolic wrap-rib reflector. However, attempts to optimize the efficiency of all three of the 
essentially two-dimensional LSS analyzed k*ve been hampered by their lowest mode shapes 
being developed out-of-plane. The limited measures available to stiffen the structures in this 
direction suggests that these shapes form an effective ceiling to any optimization of the 
fundamental mode that can be achieved for these structures.
6.10 Perspex as a Modelling Material
In general, it has been found that the ideal candidate material for modelling 
skeletal systems should, for modal survey applications, be possessed of both high specific 
stiffness and low modal damping characteristics. Such properties are well pronounced in the 
graphite reinforced PES material and, although the significant cost of its manufacture has 
limited the use of this composite material to modelling sparsely configured sub-components, this
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has resulted in it being very suitable for use in the analysis of LSS behaviour. However, it has 
also been seen that the stiffness characteristics of LSS systems are, for multi-bay 
configurations, largely determined by the longitudinal stiffness of their predominantly uniaxially 
aligned composite members. This effectively frees the modelling of such multi-bay systems from 
the constraint of being exclusively characterized using orthotropically reinforced materials, and 
allows more cost-effective substitutes to be specified in their stead. Accordingly, significant 
economies can be achieved by using isotropic perspex plastic in the fabrication of LSS multi­
bay sub-structure models.
Unfortunately, although both possess the required linear response characteristics, 
the dynamic behaviour of the composite and perspex materials are quite dissimilar, with the 
desirable high specific stiffness and low damping attributes of the composite not being reflected 
in the properties of the perspex polymer. This has served to further highlight the question that 
has been repeatedly addressed in this investigation as to the appropriateness of using perspex 
in the analysis of such composite skeletal systems.
The suitability and effectiveness of perspex as a modelling medium has been found 
to be intimately associated with the complexity of the geometric configuration in which it finds 
application. This has been seen consistently in the observed enhancement of the material’s 
modal behaviour when used in the fabrication of geometrically complex structures, as opposed 
to more sparsely configured systems. This is considered to be a result of the following 
characteristic of multi-bay LSS systems which tends to optimize the behaviour of the perspex 
material; namely, the modelling of the moment resistance of the LSS cluster joints in the 
actual perspex sub-structures.
The adhesive bonding processes for perspex material ensure a consistent jointing 
efficiency in comparison to other candidate materials, e.g. mild steel. However, for the case of 
sparse configurations, the appropriateness of the perspex joints cannot be assured, and this is 
considered to significantly affect the applicability of these particular structures to the 
examination of LSS behaviour. Fortunately, the influence of possible jointing inaccuracies is 
alleviated in the study of multi-bay systems. In such instances the contribution of the joints’ 
bending rigidity to the development of the structures’ modes is significantly reduced. 
Additionally, the uniaxial stress state imposed on the component members of such structures 
during modal deformations acts to minimize the disparity between the isotropy of the perspex 
material stiffness and the orthotropy of the composite material that it replaces. Availing of the 
beneficial attributes of perspex, by using it in complex configurations, has therefore been found 
to result in it accurately reproducing the modal behaviour of LSS systems. Consequently, the 
high correlation achieved between finite element and experimental analyses of both the perspex 
and composite sub-structures confirms that perspex is indeed a suitable material for modelling 
multi-bay composite LSS systems.
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6.11 R ecom m ended F u tu re  W ork
The rapid progress being made in many areas of LSS technology indicates that 
continued research needs to be undertaken on all fronts to maintain parity with changing 
developments. The primary technology vector in large spacecraft structure engineering appears 
at this time to be in the field of materials processing, which is developing new and more 
sophisticated composite materials to meet the stringent requirements placed on them by earth’s 
orbital environment. Whereas the necessary evolution of testing and analytical techniques must 
continue apace, the standardization of these techniques may be necessary to expedite the 
incorporation of these new materials into future spacecraft structural designs.
The evolution of such standards is not possible without a full understanding of the 
orbital environment to which the materials will be subjected. The recently established threat 
to the longevity of materials in orbit posed by atomic oxygen attack requires a more 
comprehensive understanding of the environment in space, and an appreciation of its 
interactions with the structural components of LSS over their operational lifetimes. This will 
require the allocation of funding for more accurate long-term simulation of orbital environments 
to be achieved. Consequently, it will be possible to perform a more detailed examination of the 
processes of degradation which occur in the materials of these flexible LSS.
The potential benefits of optical coatings to the long term thermal and fatigue 
resistance of composite materials in LSS is considerable. However, in comparison to other 
disciplines in LSS technology, this field may be considered to be still in its infancy. 
Recommended research in this area would include the development of coating application 
techniques that are readily suitable for incorporation into the manufacturing processes of the 
composite materials.
The economical stowage and consistently reliable deployment of spacecraft 
components requires further attention if LSS configurations are to be successfully implemented 
for use in land mobile communications systems. Nearly all spacecraft structures require a 
measure of remote assembly in orbit prior to becoming operational and, in the last four 
decades, many have fallen foul of the deployment constraints placed on them, the most recent 
example of this being the Hipparcos space telescope. Research will need to be concentrated on 
the development of more reliable joint configurations, as well as stowage and ejection methods, 
to ensure the successful deployment of these structures. This research should include more 
accurate analytical modelling of the mechanisms of satellite deployment and, wherever possible, 
should be combined with scaled experimental testing of these concept devices.
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A ppendix A
A nalogue S ignal C onditioning
A.1 Introduction
The incorporation of spurious noise components into a sampled waveform in the 
analyses was generally found to be a result of either low signal strength or high ambient noise 
levels. It was therefore necessary that the underlying cause of noise was ascertained prior to 
remedial action being taken. For the equipment configuration employed in the modal surveys, 
it was found that the waveforms were sufficiently screened from background interference and 
that the principal source of noise was the inaccurate adjustment of the equipment channel 
gains.
From its source a t either the force transducer or accelerometer, the analogue 
waveform passes through a charge amplifying circuit prior to being sampled and stored on the 
digital recorder. The charge amplifier and recorder channels each have individual gain switches 
which control their signal sensitivities. The setting of these controls primarily determines the 
quality of the samples obtained.
A feature of the modal survey equipment employed was that, although the recorder 
channels contained an overload indicating facility, an analogous feature was not provided in 
the corresponding charge amplifier channels. Hence, it was possible to capture a waveform that 
had overloaded the amplifier channel, and was inadvertently clipped prior to entering the 
recorder. Whereas the useful information in a signal contaminated with noise can be salvaged 
to a certain extent by averaging procedures (assuming that the noise is randomly distributed), 
amplitude clipping irrevocably corrupts the signal. The conditioning of the analogue signal to 
ensure the capture of high quality samples therefore constituted maximizing the S/N ratio 
whilst also preventing signal clipping by the charge amplifier. The effect of a number of 
equipment gain combinations encountered during sampling on the overall integrity of the data 
will now be described.
A 2  Gain Configurations
Ideally, to maximize the S/N ratio, the gains on both charge amplifier and recorder 
are matched to the Jlev&jL of the incoming signal as illustrated in figure A.1.
Waveform Amplifier Recorder Sample
F igure A.1
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The situation presented in figure A.2 would, if ambient noise levels were high, most 
likely result in a signal saturated with spurious noise components. This problem, however, can 
be readily identified and remedied in practice.
Figure A.3 depicts a combination in which the amplifier has been correctly matched 
to the input signal but the recorder gain is too high, resulting in an amplitude truncation or 
clipping of the signal during storage. In such instances an overload is indicated on the front 
panel of the recorder, and the set of signals can be rejected before they are processed further.
However, the gain settings illustrated in figure A.4 will result in the signal being 
clipped when passing through the amplifier channel rather than at the recorder. A signal 
clipped under such circumstances can, because of the equipment used, quite possibly avoid 
detection.
A.3 Rem edial Action
It has been found during the course of this investigation that maintaining the 
amplification of the charge amplifier at a maximum and adjusting the recorder gain accordingly 
ensured that the strength of the signal is boosted to a high level near to its source, thereby 
reducing the influence of any noise in the system. Also, it was ensured that the microdot and 
coaxial cables connecting the equipment were of a high quality and as short as possible to
However, incorrect adjustment of the equipment gains can r 
situations illustrated in figures A.2 to A.4.
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inhibit the incorporation of noise into the signals from neighbouring apparatus. The inadvertent 
clipping of the signal, as shown in figure A.4, was avoided by ensuring that the recorder 
channel was capable of being overloaded during the subsequent sets of tests, and hence any 
signal clipping that occurred was caused by the settings illustrated in figure A.3.
The above gain adjustment procedure were, of necessity, followed independently for 
both the load and the response channels to capture of a set of signals suitable for processing. 
Additionally, both types of waveforms were sensitive to the modal response of the structure 
being surveyed, which in turn was dependent upon the vector pair being examined. When the 
inherent variability of the impact test technique is included in the number of test parameters, 
the difficulties often encountered in obtaining well-conditioned sets of sampled data resulted 
in considerable periods of time being expended on the transient modal surveys of the 
structures.
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Appendix B
Frequency Domain Calculations
B .l Introduction
The Fourier transform theory used in the transformation of the transient signals 
into their frequency domain representations is presented. Also included are the equations 
employed in the calculation of the coherence functions for the FRF spectra. This is followed by 
a description of the method used in the ACQUIRE software to minimize the representation of 
noise components in the FRF spectra.
B.2 Finite Fourier Transform
The finite Fourier transform, A(f), of a continuous random record a(t) of length T, 
is calculated as follows [1]:
•T
A(f) = I a(t) dt - B .l
0- hJ t\
B.3 Spectral Density Functions
The one-sided power spectral density (PSD) function or autospectrum of the sample 
is defined as:
GAA(f) = 2 A ‘( f ) . A(f )  f > 0  -B .2
=  0 f  < 0
where the superscript * indicates complex conjugation.
For a transient random record, a(t), of the type encountered repeatedly in this
investigation, the PSD function, as defined in equation (B.2), must be replaced by the energy
spectral density (ESD) [1] function, G^ff). The ESD and PSD functions are related by:
6 ^ (0  = T • G aa - B.3
and it is assumed that a(t) exists only in the range 0 < t  < T,
where T is the length of the transient time record.
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The PSD and ESD functions give the distribution of power and energy in the
records fi(t) and a(t), respectively, and are scaled in units of Volts2/Hz or Unit2/Hz, and 
Volts2-S/ Hz or Unit2-S/Hz, respectively [2].
In a similar manner, the cross power spectrum or cross-spectrum of two signals a(t) 
and b(t) is defined as:
Both the auto- and cross-spectra of the signal pairs are used in the calculation of 
FRFs and coherences of dual channel measurements.
B.4 Frequency Response Function
The frequency response function (FRF) of a system is defined as the Fourier 
transform of the time domain unit impulse response function, h(x), given by:
In dual channel analyses it would be anticipated that the FRF would be calculated 
as the ratio of the two single channel measurements:
contaminated with noise components. However, the FRF can be calculated in a number of other
sample to effect a suppression of the noise in the FRFs. Accordingly, the ACQUIRE software 
calculates the FRF as:
G ^ f) = A'(f) • B(f) - B.4
OO
H(f) = h(x) emMtt dt 
0
- B.5
where h(x) = 0 for x < 0 (i.e. is causal).
I H(f) 12 - B.6
G ^ f )
where G^f) and GBB(f) are the autospectra of the input and output signals, 
respectively.
This estimate of the FRF will be in error if either or both of the signals is
ways, each relying on the lack of correlation between the noise and true components in the
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GBA(f)
H(f) = ---------  - B.7
G jJ to
which has units of acceleration/force for the accelerance FRF produced.
As mentioned previously, averaging of the data was not performed in the transient 
tests, and hence the above expressions do not account for the use of averaged auto and cross 
power spectra in the FRF calculations.
B.5 Coherence Function
The coherence function is a consequence of the cross-spectrum inequality [1]:
I G ^ f) 12 < G ^ f) • GBB(f) - B.8
This gives a measure of the energy in the output signal caused by the input signal. 
The coherence function is defined from equation (B.8) as:
iG ^ C O l
Yab(0 =   - B.9
G ^ f) • GBB(f)
and the coherence function attains values ranging between 0 and 1
throughout the spectrum.
The facility for calculating the coherence of the spectra was not available in the 
ACQUIRE software. Nevertheless, its calculation would have been invalid for the unaveraged 
sets of records analyzed in the free-free transient tests [1].
B.6 References
[1] Bendat, J.S., and "Engineering Applications of Correlation and Spectral Analysis",
Piersol, AG. Wiley, 1980.
[2] Briiel and Kjaer, "Technical Review, Dual Channel FFT Analysis Parts I and II",
N iE R U M , 1984.
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A ppen d ix  C
Composite Material Characterization 
C.l Conventions
The uncontracted form of the generalized Hooke’s law will be adhered to throughout 
the following descriptions. The sign convention adopted is that of the right handed set (outward 
positive) as shown in figure C.l.
2
A
3  < j
1
Figure C.l: Axes Sign Convention
The descriptions employ the following notation convention [1]:
Ej = Modulus of Elasticity in Direction i, i= 1,2,3
Strain in direction i
Strain in direction j
, where i denotes the direction 
of applied loading,
Gy = Shear Modulus for Strains in the ij Plane,
Gyki = Component of Fourth Order Stiffness Tensor,
Each of the following are Second Order Tensors:
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au = (Direct) Stress in Plane i in the Direction of Axis i,
Ty = (Shear) Stress in Plane i in the Direction of Axis j,
eu = (Direct) Strain in Plane i in the Direction of Axis L,
Yy = (Shear) Strain in the ij Plane.
C.2 Energy Considerations
From energy considerations, the stiffness matrix Cijkl is symmetric, hence:
Ga = Gjf
and:
V,E = V-ES-to j Tj i " i
- C . l
- C.2
The application of equations (C.l) and (C.2) reduces the number of independent 
material values required to characterize each of the following material types.
C.3 Anisotropic M aterial
The generalized Hooke’s law for a linearly elastic triclinic material may be written 
in matrix form as:
(a) = [C]{e]
or, alternatively, in tensorial notation as:
^ij
- C.3(a)
- C.3(b)
Expanding out equation (C.3), the relationship can be expressed in the form of 
equation (C.4):
■ ■
O i l c  c  ^ 1 1 1 1  1 1 2 2 c^ 1133 c 1 1 1 2 c 1113 c 1123 E l i
0»22 c 2 2 2 2 c 2233 c 2 2 1 2 c 2213 c 2223 8 22
**33 =
c 3333 c 3312 c 3313 c 3323 £ 33
T 1 2
( S y m ) c
1 2 1 2
c 1213 c 1223 T l2
*13 c 1313 c 1323 Y l3
^23_ c 2323 -? 2 3 _
- C.4
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From energy considerations, a total of twenty one independent stiffness constants 
are required to characterize this anisotropic material.
C.4 Orthotropic M aterial
If symmetry exists in three orthogonal planes then the material is orthotropic. If 
the planes of symmetry are also coincident with the reference coordinate system, the number 
of non-zero components reduces to twelve, as shown in equation (C.5):
•
O n r r C'■'1111 ^1122 1133
<*22 c c c2211 2222 2233
<*33
= c c  c3311 3322 3333
T12
*13
^23
'1212
'1313
'2323
-
Eii
£ 2 2
£33
CM
Yl3
- C.5
A total of nine independent elastic constants are required to define this material, 
irrespective of the orientation of the reference axis. The relationship between the elastic moduli 
for the orthotropic material and its stiffness matrix components in equation (C.5) may be 
expressed as:
C l i n  — ( 1  " V 2 3 V 32) V E 1
C 2222 =  (1  “ V3 iV 13)V E 2
C 3 3 3 3  = (1 - v 2 1v 1 2)V E 3
Cim = (v12 + VnV-JVEj = (v21 + v 23v 3 1 )V E 2
cil33 = (v13 + v12v23)VE1 = (v31 + v 32v 2 1 )V E 3
C 2233 =  (^ 23  "*■ ^ 2 1 ^ 1 3 )  V E 2  =  (V 3 2  +  V 3 1 V 1 2 ) V E 3
C 12i2 =  G 12
C 1313 =  G 13
C 2323 =  G 23
(All other CijU = 0)
where:
V— 1/(1 - v12v21 - v32v23 - v13v31 - 2v 2 1v 13v 32)
C.5 Transversely Isotropic M aterial
If the material contains a plane of isotropy, then the number of independent 
constants required to define its properties reduces to five. Additionally, if the isotropic plane 
is coincident with one of the planes of the coordinate system, the number of non-zero 
components is nine. An example of the relationship governing this material where the isotropic 
plane lies perpendicular to the 1-axis is given in equation (C.6):
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° u c  c  c^1111 1122 1133 C11
<*22 c  c  c2211 2222 2233 e22
<*33 = c  c  c3311 3322 3333 £33
*12 cW212 Tl2
*13 c 1313 Yl3
2^3_ c 2323 T23-
The relationship between the elastic moduli for the transversely isotropic material 
and its stiffness matrix components may be expressed as:
Cmi = (1 - V232)VEi
C2222 = CJ3333 = (1 - v21v12)V E 2 
C/1122 = C/1133 = ^2i(l "*■ V23)VE2 = V12(l + VaalVEj 
CJ2233 — (v23 + v21v12)VE2 
C/1212 = C1313 = G12 
C/2323 = (1 " 2^3 ■ 2V2iV 1q)VE<J2 
(All other CijU = 0) 
where: V= 1/(1 + v23)(l- v23 - 2v21v12)
C.6 Isotropic M aterial
The number of independent constants required to define the properties of an 
isotropic material reduces to two. The relationship between the elastic moduli for such an 
isotropic material and the components of its six-by-six stiffness matrix may be expressed as:
Cun = C2222 = C 3 3 3 3  = (1 - v)VE
Ci 122 = C1133 = C2233 = vVE
C1212 = C1313 = C2323 = G = E/2(l+v)
(All other Cij]d = 0) 
where: V= 1/(1 + v)(l - 2v)
C.7 M aterial Representation
It is seen from the stiffness matrix descriptions presented above that a cursory 
inspection of the matrix population is not sufficient to distinguish between the levels of 
orthotropy assigned to the material. Instead, such a determination of the material 
characterization requires the relationship between its stiffness matrix components to be 
established conclusively.
C.8 Reference
[1] Tsai, S.W., "Composites Design", Think Composites, 1987.
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A ppen d ix  D
Decomposition of FRF Spectra
D .l Introduction
A frequency response function (FRF) spectrum obtained from an FFT-based modal 
survey, (e.g. section 2.4.1), is obtained from the manipulation of two constituent waveforms. The 
component traces used in obtaining the spectrum in figure 3.27, a representative FRF spectrum 
for a graphite reinforced PES structure, are now described in detail.
D.2 Time Domain Waveforms
Figures D.l and D.2 show the time domain traces of the applied impact force and 
resultant accelerometer response used to obtain the FRF in figure 3.27. The structure examined 
was a one metre length of graphite reinforced PES beam. This was modally surveyed under 
simulated unrestrained conditions as described in section 3.17.1. The transient stimulus in 
figure D.l is seen to have very good signal-to-noise (S/N) characteristics. The overshoot 
apparent in the trace as the force transducer output returns from its peak to an ambient level 
is a feature of the sensing device’s response time characteristics and does not signify a 
temporary reversal in the load applied to the structure.
An examination of figure D.2 shows that the composite material is very lightly 
damped, a feature evident from the negligible decay in the structure’s response to the applied 
stimulus. A 5% offset was applied to both of the traces in the 4096 points of the block of data 
sampled to allow both of the waveforms to become self-windowing (section 3.8.2.2). This 
dispensed with the need for additional data weighting to be performed. It should be noted that 
the effect of the unavoidable development of non-zero values at the end of figure D.2 is 
considered to have been minimal, and that it was confined to the lowest frequency components 
of the response.
D.3 Frequency Domain Representations
of-
Figure D.3 is ^  FFT of the time domain signal shown in figure D.l. This has 
been plotted in a semi-log format to allow the empirical cut-off frequency (section 3.3.1) at - 
10 dB to be determined. From this spectrum it is seen that frequency components beyond 1 
KHz have been excited in the structure. However, the sampling interval of 200 pSecs, yielding 
a maximum resolvable frequency of nearly 2.5 KHz, has ensured the absence of alias products 
(section 3.7) in the sampled data.
Figure D.4 is the frequency domain representation of the accelerometer response in 
figure D.2 which, like figure D.3, was obtained from the application of the FFT algorithm to
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the time domain sampled block of data. Again, the low damping levels in the system are 
readily apparent from the sharply defined peaks in this spectrum. It is also seen that the 
signal-to-noise ratio for this signal is very good.
Figures D.5 and D.6 show the real and imaginary components of the FRF plotted 
in figure 3.27, and can be considered to have been obtained from the normalization of figure
D.4 with respect to figure D.3. As mentioned in section 3.9.2, the imaginary component of the 
FRF spectrum (figure D.6) finds application in the quadrature "peak-picking" method of modal 
damping calculation.
The above particularly good examples of sampled signals are typical of the sets of 
data obtained in the experimental transient modal surveys of the composite configurations. 
They also illustrate the increased understanding of both static and dynamic structural 
behaviour that can be obtained from the transformation of the time domain waveforms into 
their dual, frequency domain representations.
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Figure D.l: Transient Excitation Force in Time Domain
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Figure D.2: Transient Acceleration Response in Time Domain
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Figure D.4: Structural Acceleration Response in Frequency Domain
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Figure D.6: Imaginary Component of FRF Spectrum
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Perspex Platform
